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ABSTRACT
The processing of food waste along with animal manure through anaerobic digestion (AD)
is a popular waste management strategy. However, there is the concern that with the proliferation
of AD the management of its nutrient-rich effluent, known as digestate, becomes a challenge.
Current digestate management practices not only present environmental risks, but also issues
related to the seasonality of field spreading and the storage and transportation of large volumes of
material. The integration of the AD process with thermochemical conversion (TC) could help
reduce some of these issues. The production of biochar from materials already available in the
digester setting, such as the solid fractions of digestate and dairy manure, could be used to recover
the phosphorus present in the liquid fraction of the effluent. The resulting phosphate enriched
biochar will finally be applied as an alternative fertilizer. Both solid digestate and solid manure
biochar were produced through pyrolysis at three different temperatures (500, 800, and 1000˚C).
To assess the suitability of biochar as a soil amendment, we performed a complete characterization
of the material based on the standard proposed by the International Biochar Initiative (IBI). For
evaluating biochar as an adsorption medium, phosphate adsorption was tested using a synthetic
solution and the effluent from the actual anaerobic co-digestion process. The environmental
benefits and drawbacks of combining these two technologies were evaluated using life cycle
assessment (LCA) methodology. Results showed that the amount of solid digestate biochar
produced is sufficient to adsorb approximately 20% of the total phosphate present in the liquid
fraction of the digestate. While, solid manure biochar has the potential to fulfill the site
requirements to adsorb most of the phosphate in a synthetic solution but not actual digestate. The
LCA results show that the combination of technologies could reduce the impacts to freshwater,
only if most of the phosphate present its recovered into the biochar.
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Chapter 1: Introduction

Chapter 1: Introduction

1. Food waste management alternatives
The management of food waste is a current concern because of its effects on the
environment and the economy. Aside from being a source of methane emissions to the atmosphere,
it is also associated with excessive consumption of water and fossil fuels (Hall et al. 2009). In
addition, food waste has significant economic implications. It has been estimated that in 2010 in
the United States $161.6 billion was spent on food that was never eaten (USDA 2014). Since the
landfilling of food waste is not the most appropriate option to deal with its environmental and
economic challenges, other technologies are being studied as disposal alternatives. The
deployment of these alternatives is motivated by an evolving policy landscape, including the Food
Donation and Food Scraps Recycling law in New York State that mandates the diversion of food
waste by institutions that generated more than 100 tons/year (New York State Department of
Environmental Conservation 2022). Processes that can draw value from waste while reducing the
environmental burden are of special interest. This could be accomplished by transforming food
waste into value-added products such as chemicals, materials, or fuels (Lin et al. 2013). Waste-toenergy technologies are particular pathways of interest because they provide a solution to waste
disposal needs while also dealing with the ever-growing energy needs (Pham et al. 2015).

1.1. Anaerobic digestion
Anaerobic digestion (AD) is one of the most established biological waste-to-energy
technologies (Zhang et al. 2014). It consists of the degradation of organic material by
microorganisms in an oxygen-depleted environment. This process is a disposal strategy for sewage
9
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sludge, food waste, crop residues, and animal manure. Furthermore, processing a combination of
these materials, referred to as co-digestion, generally improves process stability and enhances the
rate of biogas production. For instance, the co-digestion of food waste with cattle manure can result
in enhanced gas production and methane yield (C. Zhang et al. 2013). There are two main products
resulting from the anaerobic digestion process: biogas and digestate. Biogas is a type of biofuel,
composed mainly of methane and carbon dioxide, which after some refining is used for heating or
electricity generation, and at a higher purity level can be injected directly into the natural gas
pipeline network. Digestate is the effluent resulting from the AD process. It is comprised of
materials that the microorganisms were not able to break down during the digestion process. This
effluent can be separated using mechanical processes, such as a screw press or centrifuge. The
solids are often used as cow bedding, while the liquid is spread in fields to take advantage of its
nutrient content (Ebner et al. 2015). However, the spreading of digestate can have an impact on
soils, water bodies, and the atmosphere. The excess of nitrogen and phosphorus present in
digestate could cause nutrient run-off and/or leaching consequentially leading to the contamination
of water sources (Nkoa 2014). A related problem is eutrophication, often resulting from excess
phosphorous run-off, that has been linked to the emergence of harmful algal blooms in the Finger
Lakes of Upstate New York (Halfman 2017).
A possible solution to this issue would be the implementation of a “biorefinery”, akin to a
petroleum refinery whereby a complex feedstock (crude oil) is converted into an array of valueadded co-products (gasoline, diesel, kerosene, etc.). This concept has been introduced by several
researchers as an approach to managing biomass (Cherubini 2010). To transform biomass into
value-added products it is necessary to deploy an arrangement of various technologies where the
output of one process becomes the input of another, taking waste production to its minimum
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(FitzPatrick et al. 2010). In addition, the biorefinery plant should fulfill its energy and water
requirements internally from the production heat, fuels and other co-products to ensure it performs
sustainably (Cherubini 2010). Having this notion in mind, we will be evaluating the integration of
the anaerobic digestion (AD) and thermochemical processing.

1.2. Thermochemical processing
The thermal processing of biomass to produce energy and material products is known as
thermochemical processing or thermochemical conversion. Depending on the conditions,
especially the oxygen content available during the process, the reaction is classified as either
pyrolysis, gasification or torrefaction (Bhaskar and Pandey 2015). Pyrolysis is a form of
thermochemical processing, which consists of exposing biomass to high temperatures in an
environment free of oxygen. By doing this, it is possible to harvest the energy embedded in the
biomass into valuable products with a variety of industrial applications (Canabarro et al. 2013).
The resulting products from the pyrolysis process are bio-oil, biochar, and syngas. Bio-oil and
syngas are often used as fuel alternatives, while biochar is known for its adsorbent and soil
amendment characteristics. Biochar is a carbon-rich material similar to charcoal, but with the
difference that it is produced with the intention to be applied to soils. Soil amendment is one of
the main uses of biochar due to its excellent water and nutrient retention capabilities. There are
additional applications for biochar related to waste management, energy production and climate
change mitigation (Lehmann and Joseph 2009). The use of biochar as an adsorbent for removing
organic and inorganic pollutants in water is one of the applications of interest for this study.
Biochar has been successfully used to recover a variety of contaminants including heavy metals
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(Patra et al. 2017), nutrients (Yin et al. 2017), pathogens, pharmaceuticals and personal care
products from wastewater (Maleki et al. 2022).

2. Integration of anaerobic digestion and thermochemical processes
Many researchers have studied the integration of anaerobic digestion and thermochemical
processing from a variety of perspectives (Rezaee, Gitipour, and Sarrafzadeh 2020). Some of the
work focuses on the paring of the two technologies to optimize their energy output (Monlau et al.
2015; Franchetti 2013). Other groups have targeted the use of biochar as an additive in the
anaerobic digestion process to improve biogas yield (Cai et al. 2016; Qin et al. 2017; Chiappero et
al. 2020). In this study, we are proposing looking at this integration from the perspective of biochar
generation as a form of waste management (Sikarwar et al. 2021). Our approach to this integration
is to produce of biochar from waste material that is readily available in the farm setting, to then
recover the nutrients present in the liquid fraction of digestate, and ultimately apply this material
to soils as an alternative to synthetic fertilizer. The two materials we have selected to study are
solid digestate and solid cattle manure. The production of biochar from digested biomass for
nutrient adsorption has been studied previously, and the difference among these studies is the type
of digested feedstock used for biochar production. The nature of the feedstock is important because
it is one of the factors that will define the final characteristics of the biochar material. We evaluated
the use of solid digestate, resulting from the anaerobic co-digestion of food waste, along with cattle
manure, which to our knowledge has not been studied before for this type of application. Dairy
manure or cattle manure biochar has been evaluated for the adsorption of methylene blue (Y. Zhu
et al. 2018), lead and atrazine (X. Cao and Harris 2010), tetracycline (P. Zhang et al. 2019), fluoride
(Wallace et al. 2020) and phosphate (Choi et al. 2019). Although phosphate adsorption using dairy
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manure biochar has been previously evaluated by Choi et al., this study only employed biochar
synthesized at one processing temperature (500°C), and the phosphate concentrations used for
adsorption testing were relatively low compared to those found in liquid digestate. Our study
evaluated the adsorption of phosphate using dairy manure biochar produced at three different
temperatures (500, 800 and 1000°C), while also using higher phosphate concentrations (up to 500
ppm).
This work has been done in partnership with an anaerobic digester located in New York
State which processes dairy manure along with food waste in about a 50:50 proportion. Their
operations, and changes to it, have influenced this research. For instance, after the sampling for
solid digestate, used for the experiments described in Chapter 2, the facility started separating the
dairy manure solids before placing into the digester and only utilizing the liquid manure. This
made the solid digestate previously sampled unavailable, since most of it was composed of the
solids present in manure. The new solid material derived from the separation of cattle manure was
then used to produce the solid manure biochar used in Chapter 3, and this new configuration is
considered in the lifecycle analysis performed in Chapter 4. The graphical summary of these
configurations is shown in Figure 1.1.
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Figure 1.1 Digester configurations, and corresponding solid products used for biochar
production in this research.
3. Research questions and significance
The purpose of this study is to evaluate the use of solid digestate biochar and solid manure
biochar as an adsorption medium and perform a lifecycle assessment to determine if
thermochemical processing can help reduce the environmental burdens of digestate disposal.
The overall research question to be answered is:
Does the integration of anaerobic digestion and thermochemical processes provide a
sustainable alternative to food waste management?
The specific objectives of this work are to:
1. Determine the effectiveness of using solid digestate biochar to recover phosphate from
the liquid fraction of the same digestate stream (Chapter 2).
2. Evaluate the magnetic properties of solid digestate biochar (Chapter 3).
3. Determine the effectiveness of using manure biochar to recover nutrients from the
liquid fraction of digestate (Chapter 4).
14
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4. Evaluate environmental benefits and drawbacks of using thermochemical conversion
for digestate management (Chapter 5).
This research provides new technological alternatives for digestate management that help
resolve digestate management issues.

Novel contributions of this work include:
•

Synthesis and characterization of biochar produced from solid digestate and solid
manure at three different temperatures.

•

Evaluation of three different biochar surface area analysis methods.

•

Assessment of the feasibility of using digestate biochar to recover phosphate from
anaerobic digestate effluent.

•

Results of adsorption experiments using solid digestate biochar and solid manure
biochar, in both synthetic solutions and actual liquid digestate acquired from a local
AD plant.

•

Life cycle assessment of the use of thermochemical conversion as a digestate treatment
alternative.

4. Dissertation structure
Chapter 1 is the general introduction, which provides a background on the issue of food
waste and the possible solutions provided by combining anaerobic digestion and thermochemical
processing. In Chapter 2, we evaluate the use of digestate biochar as an adsorbent for phosphate.
Digestate was processed into biochar at three different temperatures; with the resulting material
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characterized and then used to perform adsorption capacity experiments to determine its
effectiveness in recovering phosphate. Chapter 3 details the novel production of magnetic biochar
derived from digestate, using a commercial-scale system. It includes the characterization of the
material and its magnetism profile. Chapter 4 evaluates the use of solid manure biochar for the
recovery of phosphate, ammonia, and nitrates present in liquid digestate. In Chapter 5, we
analyzed the environmental benefits and drawbacks of integrating thermochemical processing into
the AD operation from a system thinking perspective. The dissertation concludes with Chapter 6,
with general conclusions and recommendations based on the findings of the work.

16

Chapter 2: Phosphate adsorption using biochar derived from solid digestate

Chapter 2: Phosphate adsorption using biochar derived from solid digestate*
1. Introduction
Food waste is a worldwide issue due to its impacts on the environment and the economy
(Hall et al. 2009). It is estimated that 17% of global food production will go to waste (United
Nations Environment Programme 2021). In the United States, 40% of the food produced by
restaurants, grocery stores, and households is not consumed by humans. This was approximately
6 million metric tons and $161 billion worth of food in 2010 (USDA 2014). Resources like fresh
water and fossil fuels are consumed to produce food that will never be eaten. The majority of this
food will be disposed in landfills, where it will decompose and emit methane and carbon dioxide,
gases that contribute to climate change (Hall et al. 2009). In response to this issue, several
pathways have emerged as an alternative to landfilling. These include repurposing food waste as
animal feed or processing it through composting or wastewater treatment plants (Trabold and Nair
2018). Nevertheless, there is interest in valorizing food waste by turning it into energy products
like biogas, hydrogen, syngas, or ethanol. This is known as the waste-to-energy pathway and
includes processes like fermentation, anaerobic digestion, and thermochemical conversion (Pham
et al., 2015). Anaerobic co-digestion is an established waste-to-energy process where
microorganisms break down food waste in combination with animal manure in the absence of
oxygen (C. Zhang et al. 2013). This process results in two primary co-products: biogas and
digestate. Biogas is a biofuel, mainly composed of methane and carbon dioxide, which, once
refined, can be used for heating or electricity production (Mata-Alvarez, Macé, and Llabrés 2000).
Digestate is the effluent from the digestion process that can be separated into its solid and liquid
fractions. Liquid digestate is rich in nutrients like nitrogen, phosphorus, and potassium, and for
*This chapter has been adapted from the published manuscript: Rodriguez Alberto, D; Tyler, A. C.;
Trabold, T. A. “Phosphate adsorption using biochar derived from solid digestate” Bioresour. Technol.
Rep. 16 (2021) 100864.2
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this reason, it is often used on crop fields as an alternative to synthetic fertilizer (Möller and Müller
2012). However, there are some challenges associated with this practice. Field spreading of
digestate requires the transportation of large volumes of liquid by-product (mostly comprised of
water), which can become quite costly for the anaerobic digester operation (Armington 2019). In
addition, the tractors needed to survey the field and distribute the product contribute to soil
compaction, which can affect crop yields (Verdi et al. 2019). There are also environmental risks
associated with field spreading. One of them is the potential for nutrient pollution due to the excess
nitrogen and phosphorus present in digestate, which can lead to nutrient run-off and,
consequentially, the contamination of water sources (Shrestha 2020).
Biochar is one of the products from the thermochemical processing of biomass under low
oxygen conditions. Traditionally this material has been used for soil improvement due to its
capacity to retain nutrients and water. In addition, its uniquely porous and high surface area
properties make it suitable as an adsorption medium, comparable to activated carbon (Lehmann
2007), and it can be applied to remove pollutants from water and soil (Oliveira et al. 2017). In this
work, we have assessed the option of producing biochar from the solid fraction of digestate and
then applying this material to capture the nutrients present in the liquid fraction of digestate. After
the adsorption process, the now nutrient-rich biochar can be recovered and applied to fields as a
solid fertilizer, thereby linking anaerobic co-digestion with thermochemical processing. A
graphical summary of the proposed work is shown in Figure 2.1.
This part of the dissertation research evaluated the effectiveness of using biochar, produced
from the solid digestate of a commercial co-digestion facility, prepared at various temperatures, to
recover phosphate from the liquid fraction of the same digestate stream. We have selected
phosphorus as our target nutrient because most of the phosphorus used in agriculture globally
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comes from non-renewable sources; therefore, phosphorus recovery will be vital to meeting the
ever-growing agricultural fertilizer demand (Powers et al. 2019). In addition, phosphorus is the
primary nutrient responsible for the eutrophication of freshwater systems; therefore, it is crucial to
find ways to improve retention in agricultural fields (Correll 1998).
To assess the suitability of biochar as a soil amendment, we performed a complete
characterization of the material based on the standard proposed by the International Biochar
Initiative (IBI). For evaluating biochar as an adsorption medium, we produced biochar from solid
digestate at three different temperatures (500, 800, and 1000°C). Adsorption of phosphate was
tested using both a synthetic phosphate solution and the effluent from the anaerobic co-digestion
process. Finally, we assessed the capacity to scale this process for use at a commercial digester
facility.
Several groups have studied the integration of anaerobic digestion with thermochemical
processing to make both systems more efficient from environmental and economic standpoints.
Many of these studies have approached this integration with the intention of enhancing energy
generation, which may be possible by taking advantage of the bio-oil and syngas energy products
generated from thermochemical processing (Feng and Lin, 2017). However, in this study we focus
solely on the production of digestate biochar for nutrient recovery and subsequent soil amendment.
Biochar has been made from a variety of anaerobically digested feedstock materials, including
swine manure (Hung et al. 2017), dairy manure (Streubel et al. 2012), and food waste (Liu et al.
2020). However, to the best of our knowledge, biochar production from solid digestate resulting
from the co-digestion of food waste and dairy manure has not been reported previously. The study
of this combination is relevant when considering co-digestion as an alternative to food waste
disposal. Since the feedstock characteristics determine to a large extent the physical-chemical
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characteristics of the resulting biochar (Zhao et al., 2013). Another critical factor that influences
the characteristics of biochar is its processing temperature, and for this reason, we assessed the
production of biochar from digestate at three different temperatures. The characterization of the
materials produced at different temperatures will inform the selection of optimal conditions to
obtain biochar with the characteristics required to serve as both adsorbent and soil amendment.
Phosphorus recovery using biochar has been explored previously, using a variety of biochar
production feedstocks, like wood biomass, agricultural residue, and food processing waste (Ahmad
et al. 2014). Often these materials are modified using metal oxides, like MgO, FeO, and CaO and
AlO, to alter the surface charge or functional groups and thus improve their adsorption capacity.
Studies focused on the adsorption of phosphate using biochar derived from anaerobically
digested materials are summarized in Table 2.1. Streubel et al. (2012) used biochar produced
from anaerobically digested dairy manure to recover phosphorus from anaerobic digester effluent.
They found that around 30% of the phosphorus present in the effluent was recovered through this
process, demonstrating the potential of biochar made from digested material as a medium for
nutrient adsorption.
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This study
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Figure 2.1. Graphical abstract for the work proposed in this chapter.
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Table 2.1. Studies focused on using anaerobically digested material to produce biochar for phosphate removal.

Feedstock

Pyrolysis parameters
Maximum
Heating Residence
temperature
rate
time
(˚C)
(˚C/min)
(hrs.)

Contact
time
(hrs.)

Adsorption parameters
Equilibrium
Liquid/Solid
concentration
ratio (L/g)
(mg/L)

Reference

Food waste and
dairy manure

1000

10

1

24

186

0.1

This study

Food waste

900

10

1

24

100

1.5

Peng et al. (2021)

Dairy fiber

750

10

2

24

100

0.45

Mood et al. (2020)

Dairy fiber

700

10

2

24

100

0.13

Ayiania et al. (2019)

Food waste

900

-

2

24

600

0.1

Alghashm et al. (2018)

Municipal
organic waste

650

-

-

-

400

1

Takaya et al. (2016)

Sugar beet
tailings

600

10

2

24

61.5

0.5

Yao et al. (2011)
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2. Materials and methods
2.1. Biochar preparation
Solid digestate used as the feedstock for biochar preparation was collected from an anaerobic
digester located in Upstate New York. This facility processes cow manure and industrial food
waste in a 48% to 52% v/v ratio. After passing the digestate through a screw press to separate solid
and liquid phases, the solid fraction was dried in an oven for at least 8 hr. at 105°C.
Thermal processing was performed using a high-temperature furnace (CM Furnaces Inc.,
Bloomfield, New Jersey, USA). This equipment has a coupled microwave generator (SAIREM
SAS) that was not employed in this study. Crucibles containing 10 to 20 g of previously dried
samples were placed inside the furnace. Industrial grade nitrogen gas (AIRGAS CY-NI 300) was
used to create an inert environment. Samples were processed at three different temperatures:
500°C, 800°C, and 1000°C. The heating rate of 10°C/min and residence time of 1 hr. at the desired
temperature was kept constant for each test. In each case, the furnace was cooled at a rate between
5 and 6 ˚C/min, after 1 hour of residence time. Due to limitations in the amount of material that
could be processed at a time, the quantity of biochar needed for the analyses described below was
generated by multiple furnace runs at each temperature.
Biochar yield was calculated based on Equation 1 (Weber and Quicker 2018):
𝑊

𝑀𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 (%) = [𝑊𝑏] 𝑥 100
𝑓

(1)

where Wb represents the mass in grams of the biochar and Wf is the dry mass in grams of the
feedstock. The effect of pyrolysis temperature on biochar yield was analyzed statistically using a
one-way ANOVA with temperature as a fixed factor. Significant differences among means were
determined with a Tukey HSD post hoc test in JMP Pro 15 statistical software.
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2.2. Biochar characterization
2.2.1. SEM imaging
Images of the surface of biochar were captured using a Scanning Electron Microscope
(SEM) (AMRAY 1830) coupled with an X-Ray Fluorescence System (IXRF Systems 550i).
Biochar samples were attached to the sample holder using conductive carbon double-faced
adhesive tape (Nisshin EM Co., Ltd.).

2.2.2. IBI standard characterization
The International Biochar Initiative (IBI) provides a standard group of characterization
methods for biochar for use in soils. Because soil application is one of the proposed uses of our
material, we subscribed to these guidelines. The IBI standard identifies three categories of testing
for biochar materials: (1) basic utility properties, (2) assessment of potential toxicants, and (3)
solid enhancement properties (International Biochar Initiative 2015).
Moisture, total ash, and volatile matter were determined using the ASTM D1762-84 Standard
test method for chemical analysis of wood charcoal (ASTM 2013). Elemental analysis (C, H, N)
was performed using dry combustion following the ASTM D4373-14 Standard test method for
rapid determination of carbonate content of soils (ASTM 2014). The sample pH, electrical
conductivity, and metal concentration were based on the Test Methods for Examination of
Composting and Compost (USDA, 2001). Because of the relatively high cost of the complete IBI
characterization, one biochar sample was analyzed for each of the three processing temperatures.
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2.2.3. Surface area analysis
Three different methods were used to measure the surface area of the biochar samples.
Measurements using the butane activity correlation method were performed by a third-party
laboratory based on ASTM D5742 - 95 Standard Test Method for Determination of Butane
Activity of Activated Carbon (ASTM 2006). For in-house analysis, we used the multi-point
Brunauer–Emmett–Teller (BET) method for measurements of N adsorption at -196°C (boiling
2

point of liquid nitrogen) acquired using a Quantachrome Nova 4200e. Before each analysis,
samples were dried under vacuum for 6 hr. at 120°C (Sigmund et al. 2017) and tested in
quadruplicate. BET measurements using CO2 as the adsorbent at 0˚C were performed by a thirdparty laboratory, following the same drying conditions used for the BET N2 samples.

2.3. Phosphate adsorption
We assessed the phosphate adsorption amount of digestate biochar produced at 500, 800,
and 1000°C and compared it to commercially available wood biochar manufactured by Aries Clean
Technology (Franklin, TN, USA). The wood biochar was made by the gasification of discarded
wooden pallets at a temperature around 500-600°C. A stock solution of 200 mg L-1 (computed in
mg PO43-) was prepared using potassium phosphate monobasic (KH2PO4) for the phosphate
adsorption experiments. Phosphate solutions for the experiments described below were then
prepared by diluting the stock solution. For the adsorption of phosphate from liquid digestate, the
digestate was first centrifuged at 4500 rpm for 30 minutes and filtered using 0.45µm PES
membrane filters (Merck Millipore) to remove suspended solids. The starting concentration of the
digestate was then determined using a spectrophotometer (Hach DR3900) and the MolybdoVanadate Method (Hach Method 10214). Diluted liquid digestate samples were then prepared to
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match the concentrations used in the synthetic solution. The characteristic of the liquid digestate
used for these experiments are summarized in Table 2.2.
Samples were prepared by adding 0.25 g of biochar to a 50 mL flask along with 25 mL of
phosphate solution. Controls contained the same amount of biochar and deionized water as the
solution. The flasks were sealed and shaken at 100 rpm at room temperature for 24 hrs. The
samples were transferred to a centrifuge tube and centrifuged at 4500 rpm for 30 min, and the
resulting supernatant solution was filtered using 0.45µm PES membrane filters (Merck Millipore).
Initial (solution only, no biochar) and final concentrations were determined using a
spectrophotometer as described above. All adsorption experiments were conducted in triplicate.
The adsorption capacity at equilibrium (qe, mg/g) and removal efficiency (R, %) was
determined using Equations 2 and 3 (Kizito et al. 2017):
𝑞𝑒 =
𝑅=

(𝐶𝑜− 𝐶𝑒 )𝑉
𝑚

(𝐶𝑜− 𝐶𝑒 )
𝐶𝑜

𝑥 100

(2)
(3)

where Co (mg L-1) denotes the initial phosphate concentration; Ce (mg L-1) denotes phosphate
concentration at equilibrium; V (L) is solution volume; m (g) is adsorbent mass. The effect of
pyrolysis temperature on removal efficiency was analyzed statistically using a mixed generalized
regression with pyrolysis temperature as a fixed factor and initial solution concentration as a
continuous factor in JMP Pro 15 statistical analysis software. The phosphate adsorption capacity
of the digestate biochar was compared to activated carbon (AC) data found in the literature (Shi,
Liu, and Yao 2011).
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Table 2.2. Liquid digestate characteristics.
Parameter (As fed)

Average

Units

Moisture*

96.80 (1.76)

%

Dry Matter*

3.20 (1.76)

%

Calcium*

0.07 (0.02)

%

Phosphorus*

0.05 (0.01)

%

Phosphorus, as P2O5*

0.12 (0.03)

%

Potassium*

0.07 (0.03)

mg/kg

Potassium, as K2O*

0.08 (0.03)

%

Sodium (n=7)

0.05 (0.01)

%

Iron*

570.60 (249.78)

mg/kg

Zinc (n=4)

8.73 (3.78)

mg/kg

Copper (n=5)

3.32 (1.30)

mg/kg

Manganese (n=5)

4.60 (2.42)

mg/kg

Total Nitrogen*

0.23 (0.04)

%

Ammonia*

0.11 (0.04)

%

Organic N*

0.12 (0.05)

%

Carbon (n=4)

1.80 (1.42)

%

C/N ratio (n=4)

7.80 (5.93)

-

*n=10 unless otherwise noted; values in parentheses represent the standard deviation.
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2.4. Isotherm modeling
The experimental data were analyzed using the Freundlich and Langmuir adsorption
isotherms. The isotherm modeling was performed using Microsoft Excel with the SOLVER
function (Hossain, Ngo, and Guo 2013). The Freundlich equation can be represented as:
1

𝑞𝑒 = 𝐾𝐶𝑒 (𝑛)

(4)

where Ce is the equilibrium concentration of phosphate and K and n are constants for a given
adsorbate and adsorbent at a given temperature (X. Chen 2015). Alternatively, the Langmuir
isotherm is expressed in the following form:
𝐶

𝑞𝑒 = 𝑞𝑚 𝐾𝐿 1+𝐾𝑒 𝐶

𝐿 𝑒

(5)

where Ce is the concentration of phosphate solution at equilibrium and qm and KL are constants
related to adsorption capacity and energy or net enthalpy of adsorption, respectively (X. Chen
2015).

3. Results and discussion
3.1. Digestate biochar characterization
3.1.1. SEM imaging and biochar yield
SEM images of the surface of digestate biochar show distinct differences among samples
processed at different temperatures (Figure 2.2). The surface of the sample processed at 500˚C
shows a well-defined fibrous structure attributed to lignocellulose remaining in the biochar. This
fibrous structure is less noticeable with increasing temperature, and at 1000˚C, very little evidence
of the original morphology is visible.
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Figure 2.3 presents the effects of temperature on the mass yield of the biochar obtained. It was
expected that the yield would decrease with temperature, which was observed by a drop in yield
from 500°C to 800°C. However, the yields at 800°C and 1000°C were similar (df = 2, F = 85.3,
and p < 0.0001). This may be due to the lignin content of the feedstock, which contributes to its
stability. For woody and non-woody biomass, yields vary most at low processing temperatures but
are only weakly temperature-dependent above 400°C (Weber and Quicker 2018).

3.1.2. Basic utility properties
The basic utility properties of biochar made from digestate at different temperatures and
commercial wood biochar are presented in Table 2.3. The carbon stability of the biochar is
represented by the molar ratio of hydrogen to organic carbon. Materials with H:Corg higher than
0.7 are considered not thermochemically altered or partially altered (International Biochar
Initiative 2015). The sample processed at 500°C is near that upper limit with H:Corg = 0.66, while
samples 800°C and 1000°C have significantly lower ratios of 0.28 and 0.16, respectively. Based
on the organic carbon content, the IBI separates biochar into different classes related to the
material’s stability in soil for 100 years, with higher values representing the greater potential for
long-term storage. The obtained biochar can be identified as Class 2 for the sample processed at
500°C, and Class 4 for the samples processed 800°C and 1000°C, suggesting that the higher
processing temperature will lead to persistence in the soil and greater potential for soil
enhancement (International Biochar Initiative 2015). The basic utility values for biochar were
similar to biochar derived from wood pallets (Table 2.3) for most properties, except for higher ash
and nitrogen content in digestate-derived biochar.
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500°C

800°C

1000°C

Figure 2.2. SEM imagine of the surface of the biochar produced at three different temperatures.
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Figure 2.3. Box plot summary of the effects of temperature on the mass yield of digestate biochar.
The X represents the mean value.
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Table 2.3. Basic utility properties of digestate biochar.
Parameter

500°C

800°C

1000°C

Moisture

4.2

3.0

2.0

Commercial
wood
biochar
2.7

Organic carbon

71.2

78.9

81.8

88.7

% dry wt.

H:Corg

0.66

0.28

0.16

0.39

Total ash

12.4

13.7

14.4

2.7

Molar
Ratio
% dry wt.

Total nitrogen

1.99

1.66

1.41

1.09

% dry wt.

pH

9.45

11.17

11.29

9.86

-

Electrical conductivity

0.264

1.427

1.913

0.426

dS/m

Liming

9.7

11.4

12.4

5.5

%CaCO3

Units
% wet wt.
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3.1.3. Toxicant assessment
Because the feedstock used in producing this biochar is derived from a wide variety of sources,
there is a risk of the presence of toxicants found in feedstock material such as heavy metals and
polychlorinated biphenyls (International Biochar Initiative 2015). All metals evaluated were
within the maximum allowed thresholds proposed by the IBI (Table 2.4). The iron content of
digestate biochar is relatively high (10,760-11,805 mg kg-1) when compared to commercial wood
biochar and other similar materials like dairy manure biochar (2,290 mg kg-1, for biochar produced
at 700°C) (Cantrell et al. 2012). This unexpected characteristic of the material is related to its
magnetic properties. Typically, magnetic biochar is obtained by treating the feedstock with ferric
salt or some other iron-containing compound before going through thermochemical processing
(Thines et al. 2017). While, in this case, it was obtained without the addition of any precursor. This
can be explained by the relatively high iron content (~8,000 mg L-1) naturally present in the solid
digestate. Even though, we haven’t determined exactly the source of the iron, after some analysis
we have discarded diary manure as a possible source, which implies that the iron might be coming
from one of the industrial food wastes (Rodriguez Alberto et al. 2019).Other toxicants that might
be present in biochar are those produced during the thermochemical conversion process used to
produce biochar, including polycyclic aromatic hydrocarbons (PAHs), dioxins, and furans. Since
these biochars were produced from slow pyrolysis (10°C/min), which has been determined to
produce a lower concentration of PAHs (C. Wang, Wang, and Herath 2017), we believe that the
potential of PAH contamination is low. In addition, Weidemann et al. (2018) analyzed the
concentration of PAHs, oxygenated polycyclic aromatic hydrocarbons (oxy-PAHs), nitrogencontaining polycyclic aromatic compounds (N-PACs), polychlorinated dibenzo-p-dioxins
(PCDDs), and dibenzofurans (PCDFs) in biochars produced from three different feedstocks,
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including anaerobic digestate. They determined that all samples were within the IBI’s proposed
limits and, therefore, suitable for soil application.
Table 2.4. Metal content of digestate biochar.
Commercial
1000°C
wood
biochar

Maximum
allowed
thresholds

Parameter
(mg/kg)

500°C

800°C

Arsenic (As)

ND

ND

ND

1.8

13 - 100

Cadmium (Cd)

ND

ND

ND

ND

1.4 - 39

Chromium (Cr)

9.9

6.7

9.6

4.0

93 - 1,200

Cobalt (Co)

3.1

2.6

3.8

ND

34 - 100

Copper (Cu)

166

154

231

103

143 - 6,000

Lead (Pb)

3.2

0.3

ND

2.8

121 - 300

Mercury (Hg)

ND

ND

ND

ND

1 - 17

Molybdenum (Mo)

3.8

2.1

2.9

1.2

5 - 75

Nickel (Ni)

4.8

3.6

4.8

2.0

47 - 420

Selenium (Se)

ND

ND

ND

ND

2 - 200

Zinc (Zn)

230

18.9

ND

99.6

416 - 7,400

Boron (B)

43.8

42.7

38.1

21.1

NS

Chlorine (Cl)

189

645

116

1027

NS

Sodium (Na)

4,087

4,666

4176

ND

NS

Manganese (Mn)

167

157

163

174

NS

Iron (Fe)

11,413

10,760

11,805

1302

NS

NS = Non-specified. ND = Non-detected.
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3.1.4. Soil enhancement properties
The soil enhancement properties of the biochar (Table 2.5) refer to the nutrients present in the
material. The NPK of digestate biochar was compared to dairy manure, a typical organic fertilizer.
Pituello et al. (2015) reported the nutrient content of dairy manure, with an N concentration of
1.7% calculated on a dry basis, P concentration of 4,500 mg kg-1, and a K value of 8,800 mg kg-1.
When comparing dairy manure to digestate biochar at all processing temperatures, biochar shows
a higher concentration of P. Simultaneously, the N and K values are similar to those found in
manure. Further research is needed to determine the bioavailability of these nutrients (Lehmann
and Joseph 2009).

Table 2.5. Soil enhancement properties of digestate biochar.

Parameter

500°C

800°C

1000°C

Commercial
wood
biochar

Units

Ammonium (NH4-N)

12.2

7.8

7.8

3.7

mg kg-1 dry wt.

Nitrate (NO3-N)

0.8

0.7

3.1

1.4

mg kg-1 dry wt.

Phosphorus (P)

13,730

11,790

11,376

1,918

mg kg-1 dry wt..

Potassium (K)

8,677

10,318

12,256

3,464

mg kg-1 dry wt.

Volatile matter

30.6

19.5

18.4

7.7

% dry wt.

*n = 10, values in parentheses represent standard deviation.
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3.1.5. Surface area analysis
The surface area measured using BET with N2 adsorption was lower than the results from the
butane activity method and BET using CO2, while surface area values for both BET using CO2
and butane activity are similar (Figure 2.4). Since the produced material is highly porous and the
diffusion rate of nitrogen molecules into micropores at -196°C is extremely low, these pores may
be practically inaccessible to N2 molecules (McLaughlin et al. 2012). In addition, another
determining interference factor, especially for the biochar produced at 500°C, is the possible
presence of residual bio-oil and mobile matter residing in micropores. Butane activity can be a
viable indicator of the surface area trend when CO2 adsorption is not an option, but since a
significant portion of butane’s adsorption capacity is at low adsorption energy, surface area values
may be lower than actual (McLaughlin et al. 2012). BET using CO2 is a good option since at this
higher temperature, it is possible to avoid diffusion limitations, and the physical properties of CO2
make it possible to reach very low relative pressures (Garrido et al. 1987).

Butane Activity

BET CO2

BET N2

Surface area (m2/g)

300
250
200
150
100
50
0
400

500

600

700

800

900

1000

1100

Processing Temperature (°C)

Figure 2.4. Surface area of digestate biochar at different processing temperatures, evaluated
through three different methods.
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3.2. Phosphate adsorption
The phosphate adsorption capacity and removal efficiency of digestate biochar varied
substantially across production temperatures (Figure 2.5). Regression analysis for removal
efficiency yielded significant effects of concentration (F = 32.9, p < 0.0001, df = 1), production
temperature (F = 990.4, p < 0.0001, df = 2), and their interaction (F = 21.4, p < 0.0001, df = 2).
Samples produced at 500˚C demonstrated no phosphate removal, and negative values indicate that
phosphorous was leaching from the biochar material into the solution. At production temperatures
of 800˚C and 1000˚C, the removal efficiency decreased with increasing concentration, but at the
higher concentrations, 1000˚C biochar significantly outperformed samples produced at both 500˚C
and 800˚C. Biochar produced at 1000˚C provided 100% recovery of phosphate solution at 50 mg
L-1 or lower, dropping to about 75% at phosphate concentration of 180 mg L-1. Adsorption capacity
with biochar produced at 800oC was significantly lower, with a removal efficiency of about 75%
at 50 mg L-1 and dropping to 25% when phosphate concentration increased to 180 mg L-1. The
increasing adsorption capacity related to a higher processing temperature can be explained by the
removal of carbon mass at higher temperatures which creates pores in the material, increasing its
surface area and leading to higher removal (Trazzi et al. 2016).
Similar behavior was observed for traditional and magnetic biochar made from orange peel,
with the magnetic sample produced at a higher temperature demonstrating the highest adsorption
capacity (B. Chen, Chen, and Lv 2011). This interaction between pyrolysis temperature and
magnetic activity may be related to the form of iron oxide and its location in the composite (i.e.,
on the surface or embedded within the biochar), which is highly influenced by the processing
temperature. In addition, there is a correlation between adsorption capacity and iron content in the
biochar surface, so at this higher temperature (1000˚C), there might be a more significant
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proportion of magnetite left than biochar (Chen et al., 2011). The presence of metal oxides is
associated with higher phosphate adsorption that can be explained by the aqueous phosphate
forming a surface deposit with the metallic oxide through hydrogen bonds or by forming
precipitation through a chemical reaction and resulting in better adsorption capacity (Yao et al.
2011b; Ajmal et al. 2020).
Commercial wood biochar produced by gasification at 500-600°C had a lower adsorption
capacity than biochar produced at 800°C and 1000°C and similar behavior to the digestate biochar
produced at 500°C. This may be associated with the lower processing temperature or the lack of
electrostatic interaction between the woody biochar and the phosphate ion (Vikrant et al. 2018).
The data for phosphate adsorption using activated carbon (AC) was extracted from a study by Shi
et al. (2011). Although experimental conditions were slightly different (1 hr. exposure period
versus our 24-hr. exposure period), this comparison allows evaluation of the performance of
digestate-derived biochar to more conventional products. The adsorption capacity of activated
carbon was more than double that of the digestate biochar for each given concentration. However,
synthesizing AC is a more energy-intensive procedure requiring the extra step of carbon dioxide
or steam activation (Ahmed et al. 2019). In contrast, solid digestate is a valorized waste material
that can likely be obtained at a low cost. Our experiments demonstrate the utility of digestate
biochar for phosphate removal without any further treatment. The adsorption of phosphate present
in liquid digestate solution using solid digestate biochar produced at 1000°C was like that achieved
using synthetic solutions of equivalent concentrations (Figure 2.6).
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Figure 2.5. Phosphate adsorption using digestate biochar prepared at different temperatures
compared to commercially available wood biochar. (a) Adsorption capacity, also compared to
activated carbon (b) Removal efficiency. Error bars represent standard error from the mean of
triplicate experiments, in most cases not visible.
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Figure 2.6. Adsorption capacity of phosphate in liquid digestate solution vs. synthetic solution
using solid digestate biochar produced at 1000°C. Error bars represent one standard deviation
from the mean of triplicate experiments, in most cases not visible.
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3.3. Isotherm modeling
Both nonlinear adsorption isotherm relations (Eqs. 4 and 5) for digestate biochar produced at
1000˚C and a synthetic solution or liquid digestate (Figure 2.6) provide reasonably good
representations of the empirical data. However, the plots and R2 values indicate that the Freundlich
model provides a better fit. This is congruent with biochar produced from a variety of other
materials and used to recover phosphate, including magnetic wood biochar (Ajmal et al., 2020),
dairy manure biochar (Chen et al., 2011; Choi et al., 2019), and digested sugar beet tailing biochar
(Yao et al., 2011b). The isotherm fitting to the Freundlich model can indicate a heterogeneous
surface leading to non-uniform sorption (X. Chen 2015). The isotherm constants for both
adsorption using a synthetic solution and liquid digestate are summarized in Table 2.6.

Table 2.6. Isotherm constants for phosphate ion adsorption from two different sources.
Langmuir

Freundlich

PO4 Source
qm

KL

R2

n

KF

R2

Synthetic Solution

39.72

0.003

0.994

1.269

0.156

0.988

Liquid Digestate

11719

7.50E-07

0.993

0.897

0.061

0.999
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Figure 2.7. Nonlinear fitting of Freundlich and Langmuir isotherm model using digestate biochar
produced at 1000˚C as the adsorbent to recover phosphate from (a) synthetic solution and (b) liquid
digestate.
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4. Possible adsorption mechanisms
Phosphate adsorption using biochar can occur through a variety of interactions which includes
electrostatic attraction, ion exchange, complexation, and chemical precipitation. These interactions
are dependent on biochar characteristics, including, surface groups, porous structure, mineral
components and loaded active components (Luo et al. 2022). Assuming that the presence of iron
in digestate biochar is the driver of the adsorption interactions, we can hypothesize the main
adsorption mechanisms to be surface complexation, and electrostatic attraction (Yuan et al. 2020).
Complexation occurs on the surface of the biochar due to the presence of OH groups from the
metal hydroxide, which facilitates the phosphate-OH ion exchange (M. Li et al. 2016).
Electrostatic interaction occurs due to the positive charged surface characteristic of metal enhanced
biochars, although it is also dependent on the pH of the solution. The increased presence of H+
ions in the solution will lead to enhanced phosphate adsorption. (X. Li et al. 2020). Both
mechanisms are illustrated in Figure 2.8.

Figure 2.8 Proposed phosphorus adsorption mechanisms for digestate biochar. Adaptation from
Luo et al. (2022).
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5. Potential for commercial application
Based on the favorable experimental results presented in Section 3, we conducted additional
analysis to determine if the digestate biochar adsorption method has the potential to be replicated
at scale, based on a case study of a local dairy farm-based anaerobic co-gestion (Aco-D) facility
that produces 98,006 t of digestate annually. This is the same facility where solid digestate was
collected, which processes cow manure and industrial food waste in a 48% v/v to 52% v/v ratio.
We collected data on the characteristics of the digestate of this site on a bimonthly basis for nearly
two years of operation. We determined that the average liquid digestate phosphate concentration
is 438 (±198.4) mg/L (Figure 2.8).
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Figure 2.9. Phosphate concentration of liquid digestate from a commercial scale digester. The
blue line represents the average phosphate concentration.
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For this concentration, we used the Freundlich model to fit the experimental data (Figure
2.7-b) to extrapolate a corresponding adsorption capacity of 39 mg g -1. Based on this information,
the total biochar needed (TBN) was calculated using Equation 6:
TBN= [PO4] LD * ρLD-1 * D * FLD* AC-1

(6)

where:
TBN = Total biochar needed (t)
[PO4]LD = Concentration of phosphorus in liquid digestate (mg/L)
ρLD = Density of liquid digestate (kg/L)
D = Total mass of digestate (t)
FLD = Fraction of liquid digestate (%)
AC = Adsorption capacity of solid digestate biochar at a given concentration (mg/g).

Assuming a density of 1 kg L-1 for liquid digestate, we determined that 1,067 t of solid
digestate biochar would be needed to recover 100% of the phosphate present in the liquid.
Then we calculated the amount of biochar that is possible to produce under the conditions
of this anaerobic co-digestion plant using Equation 7:
PBP= D*FSD*(1-MSD) *Y

(7)

where:
PBP = Potential biochar production (t)
D = Total mass of digestate (t)
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FSD = Fraction of solid digestate (%)
MSD = Moisture content of solid digestate (%)
Y = Biochar production yield (%)
For the 98,006 t of digestate produced by the studied digester, 3% of the material is in solid
form, and 97% is in liquid form, with a solid fraction moisture content of 73% and a biochar
production yield of 30%. Under these assumptions, it is possible to produce 238 t of solid digestate
biochar. This result, coupled with the computed TBN value of 1,067 t, suggests that using solid
digestate only as the biochar feedstock makes it possible to produce enough biochar to adsorb
about 20% of the phosphate in the liquid fraction. Thus, the use of digestate alone does not fulfill
the plant’s biochar needs with the current configuration. This result is comparable to the findings
from Streubel et al. (2012), who recovered 30% of the phosphate present in digester effluent using
biochar made from anaerobic digester fiber at 500°C. However, the methods and scale of this study
differ from those used in our research. Future research will include assessing the potential use of
solid manure biochar as an adsorbent. Solid manure is an abundant material at many farm-based
AD facilities. It has a higher solids content than digestate (~6%) and may be separated before
digestion to improve plant efficiency. Thus, depending on its adsorption capacity, it could satisfy
the biochar requirements to recover the phosphate in liquid digestate completely. This
configuration still sustains the purpose of using ACo-D as a waste management alternative for
food and using resources already available in the digester setting to recover the nutrients present
in the digester effluent.
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6. Conclusion
This study demonstrated the potential of using digestate biochar to recover nutrients from
digester effluent. The synthesized biochar can adsorb 20% of the phosphate present in liquid
digestate. Further research should address some of the challenges that have not been included in
this study, such as additional equipment associated with the scale-up application, the inclusion of
other nutrients like nitrogen and potassium to capitalize on the fertilizer value of the digestate fully,
and the disposal strategy for the final liquid effluent resulting from the adsorption process.
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Chapter 3: Novel production of magnetite particles via thermochemical
processing of digestate from manure and food waste*
1. Introduction
A biorefinery consists of processing biomass through a combination of different
technologies to produce energy and other valuable products with low environmental impact and
reduced waste. This idea is based on the design of a petroleum refinery, where many value-added
products are recovered during the multi-step process. This product diversification enhances the
commercial viability of biomass treatment (Cherubini 2010, FitzPatrick 2010). Inspired by this
concept, our work explored the integration of anaerobic digestion (AD) and thermochemical
processing as a sustainable option for manure and food waste management. Anaerobic digestion
is a well-established technology used for processing animal manure and other types of biomass
into biogas, a fuel mainly composed of methane (Ebner 2016). Another product of the AD process
is an effluent, often referred to as “digestate”. Solids from the digestate are often separated and
used as bedding for cattle, while the liquid fraction is spread on crop fields as an alternative to
conventional chemical fertilizers. However, land application of liquid digestate can lead to nutrient
run-off and cause surface and groundwater contamination, as well as eutrophication that has
resulted in toxic algae blooms in many parts of the country (Nkoa, 2014). Therefore, with the
proliferation of AD, managing its digestate has become a concern, and thermochemical processing
is one possible solution to this problem.

Thermochemical processing involves exposing biomass to elevated temperatures (5001000°C) under reduced oxygen concentrations to produce biochar (Mohan 2014). Biochar is a
*This chapter has been adapted from the published manuscript: Rodriguez Alberto, D; Stojak Repa, K.;
Hedge, S.; Miller, C.W. Trabold, T. A. “Novel Production of Magnetite Particles via Thermochemical
Processing of Digestate from Manure and Food Waste” IEEE Magnetic Letters, Volume 10 (2019)
3504605.
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carbon-rich material conventionally used as a soil amendment (Lone 2015), but also known for its
potential as an adsorption medium (Ahmad 2014). Biochar made from the solid fraction of
digestate can be used to remove nutrients (nitrogen, phosphorous, potassium, etc.) present in the
liquid fraction. The “enriched” biochar thus produced can then be applied as a more stable solid
fertilizer, replacing land application of liquid digestate, and reducing potential water
contamination. In addition, this practice returns nutrients once harvested from the soil as food or
cow feed and brings them back to the soil in a circular model.
In this study, a commercial scale thermochemical processing system was used to convert
solid digestate into biochar. We found that it is possible to obtain magnetic biochar from solid
digestate, as has previously been produced from a variety of feedstocks, mainly agricultural waste
(Thines 2017). This material has primarily been studied for its capacity of removing contaminants
from water like organics and heavy metals, although it has other potential applications in polymer
composites and supercapacitors (Thines 2017) and as a catalyst in dyeing wastewater treatment
(Zhang 2018). Typically, this material is synthesized by exposing the feedstock to an iron
precursor, like ferric salts (Zhang 2013, Faulconer 2012, Han 2016). Using our approach, magnetic
biochar was obtained without the need of an iron precursor, hence the novelty of the reported
results.

2. Materials and methods
2.1. Feedstock material
Solid digestate was collected from a full-scale anaerobic digester located in Upstate New
York. This plant processes more than 360 t (~400 short tons) of organic material per day,
comprised roughly of 70 v/v% cow manure, and the remaining 30 v/v% a mixture of industrial
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food wastes. The methane-rich biogas produced is supplied to an engine-generator set rated at 1.4
MW. The collected digestate samples were sundried until its moisture content was less than 35
wet wt.%. Moisture measurements were obtained on site using a moisture scale (Data Support Co.,
Inc, model DSC 500) with 50 g capacity and 1 mg resolution. Feedstock characterization was
performed by an external laboratory as described below. Moisture, ash and volatile matter values
were determined based on the Standard Test Method for Chemical Analysis of Wood Charcoal
(ASTM D1762-84)(ASTM 2013); organic carbon and total nitrogen were determined by dry
combustion based on the Standard Test Method for Rapid Determination of Carbonate Content of
Soils (ASTM D 4373)(ASTM 2014); iron, potassium and phosphorus values were determined
using EPA Method 3050B: Acid Digestion of Sediments, Sludges, and Soils in combination (EPA
1996) with EPA Method 6010C: Inductively Coupled Plasma-Atomic Emission Spectrometry
(EPA 2000).

2.2. Thermochemical processing
A commercial scale thermochemical processing system, the “Biogenic Refinery”
manufactured by Biomass Controls (Woodstock, Connecticut), was used to produce biochar. This
system was designed for treating biogenic waste including wood chips, human solid waste, corn,
and cardboard. It is comprised of a forced air heat exchanger, a pollution control assembly
containing a catalytic converter, a pyrolysis box (or “carbonizer”), a biochar collection box, and a
custom controller that monitors and records conditions during operation (Figure 3.1). For the test
runs conducted to produce biochar, digestate was fed through a hopper and fuel auger at an average
flow rate of approximately 5 kg/hour. Experiments were performed under different combinations
of carbonizer temperature and input air flow rate that dictated the oxygen concentration within the
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zone where thermochemical conversion occurred. For the biochar materials reported here, the
temperature setpoint was 800 °C and was maintained within ±25 °C over the course of each
approximately 4-hour experiment duration. Input air flow was varied by adjusting fan speed
between 25 and 50% of its maximum setting. Once the converted feedstock fell by gravity to the
bottom of the carbonizer section, a dual auger assembly transported the final solid product to the
biochar collection box, where samples were collected every 15 minutes. Immediately after
acquiring samples, they were quenched with fine water spray to cool the biochar material and
avoid any further reaction with the ambient air.

Figure 3.1 Commercial scale “Biogenic Refinery” used to produce biochar from digestate.
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2.3. Characterization of biochar
Biochar samples were characterized by two external labs based on the International
Biochar Initiative (IBI) Standardized Product Definition and Product Testing Guidelines for
Biochar That Is Used in Soil (International Biochar Initiative 2015). Moisture, total ash, and
volatile matter were determined based on method ASTM D1762-84 (ASTM 2013). Organic
carbon, hydrogen, and total nitrogen were determined through dry combustion based on method
ASTM-D4373 (ASTM 2014).Finally, pH and electrical conductivity were based on the Test
Methods for the Examination of Composting and Compost (USDA 2001) with dilution from
Rajkovich (2012).
In addition to the surface area correlation provided by the external laboratory, which uses
the butane activity correlation method, we performed surface area analysis in-house, using the
multi-point Brunauer–Emmett–Teller (BET) method. These measurements were done based on N2
adsorption using a Quantachrome Nova 4200e surface area and pore size analyzer. Samples were
dried under vacuum for 6 hours at 120 °C and tested in quadruplicate.
A scanning electron microscope (SEM) (AMRAY 1830) coupled with an x-ray
fluorescence system (IXRF Systems 550i) was used to analyze the surface of the biochar samples
and to determine the distribution of iron in each sample. Samples were prepared using carbon
conductive double-faced adhesive tape (Nisshin EM Co., Ltd.) and sprayed with a graphite
lubricating resistance coating (PELCO).
Magnetic measurements were performed by collaborator Dr. Kristen Stojak Repa. The
details of these methods used can be found in the original manuscript (Rodriguez Alberto et al.
2019).
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3. Results and Discussion
3.1. Feedstock characterization
The characteristics of solid digestate examined in this study are presented in Table 3.1.
The iron content of this feedstock is what provides the inherent magnetic characteristics of the
biochar made from it. Although the exact source of the iron (Fe) is yet to be determined, we have
disregarded manure as a potential source, since samples of the solids of manure were analyzed and
its Fe content was between 316-461 mg/kg dry, which is significantly lower than the 8,705 mg/kg
dry that we observed in our samples. The other potential source that we examined was the
industrial food waste (IFW) that is treated through anaerobic digestion. The type of food waste
treated in this facility includes waste from dairy processing and expired dairy products, fat, oil and
grease (FOG) and some grain waste product of the manufacturing of rice drink. We took
representative samples of each source of IFW for a given month, and some of the samples
presented high Fe concentrations ranging from 1,170-105,600 mg/kg dry. Although broader
sampling should be performed to confirm so, we consider that IFW is likely to be the source of the
high Fe concentration of the digestate.

3.2. Biochar characterization
Figure 3.2 shows a scanning electron microscopy (SEM) image of the surface of the digestate
biochar. In this image we see how the fibrous structure given by the lignin contained in the sample
remains even after thermal processing. Figure 3.3 shows an x-ray fluorescence (XRF) image of
the iron distribution in the sample. Iron is distributed throughout the sample, including some Fe
rich clusters.
Table 3.2 presents characteristics of biochar made from solid digestate. After thermochemical
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processing, the organic carbon (Corg) content of the samples increased when compared to the
unprocessed feedstock material, reducing the H:Corg ratio, which is related to the biochar’s
stability. The maximum allowable ratio according to IBI for biochar intended for soil application
is 0.7, since a lower H:Corg ratio defines a more stable biochar in soil (International Biochar
Initiative 2015).
An assessment of the toxicant substances present in the biochar material is presented in Table
3.3. This evaluation includes heavy metals that could be contained in the feedstock material. In
addition, samples were tested for polycyclic aromatic hydrocarbons (PAHs) that can be formed
during the thermal conversion processes; this includes the 16 PAH priority compounds identified
by the IBI Standard (International Biochar Initiative 2015). All toxicants tested were found within
the allowable thresholds proposed by the IBI standard, making this biochar suitable for agricultural
application.

3.3. DC magnetometry
Magnetization measurements were performed by collaborator Dr. Kristen Stojak Repa. The
results for this section can be found in the original manuscript (Rodriguez Alberto et al. 2019).
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Table 3.1 Representative characteristics of solid digestate.

Parameter

Value

Units

Moisture

24.5

% wet wt.

Organic Carbon

37.8

% dry wt.

H:Corg

1.91

Molar Ratio

Ash

7.1

% dry wt.

Volatile Matter

72.9

% dry wt.

Total Nitrogen (N)

1.09

% dry wt.

Total Potassium (K)

3,194

mg/kg dry wt.

Total Phosphorus (P)

5,880

mg/kg dry wt.

Iron (Fe)

8,705

mg/kg dry wt.
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Figure 3.2 Scanning Electron Microscopy (SEM) image of digestate biochar. Magnification
840X. Scale:20µm.

Figure 3.3 X-Ray Fluorescence (XRF) image of the iron distribution in the sample.
Magnification 840X. Scale: 200µm.
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Table 3.2 Characteristics of biochar made from solid digestate.
Parameter

Value

Unit

Moisture

3.65 ± 1.52a

% wet wt.

Organic Carbon

58.99 ± 2.38a

% dry wt.

H:Corg

0.55 ± 0.06b

Molar Ratio

Total Ash

26.76 ± 5.50a

% dry wt.

Total Nitrogen

1.25 ± 0.22a

% dry wt.

Total Potassium (K)

13,376.7±943.7

mg/kg dry wt.

Total Phosphorus (P)

22,033.7±8,143.4

mg/kg dry wt.

Iron (Fe)

31,078.61 ± 7,107.19a

mg/kg dry wt.

a: average of 5 samples, b: average of 3 samples.
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Table 3.3. Toxicant assessment of digestate in biochar.
Parameter

Value

Maximum
Allowed
Thresholds
mg/kg dry wt.

Polycyclic Aromatic
Hydrocarbons (PAHs)

NDc

6-300

Arsenic (As)

NDa

13-100

Cadmium (Ca)

NDa

1.4-39

Chromium (Cr)

33.8 ± 19.3a

93-1,200

Cobalt (Co)

8.0 ± 2.2b

34-100

Copper (Cu)

332.3 ± 96.1a

143-6,000

Lead (Pb)

2.6 ±1.0b

121-300

Mercury (Hg)

NDb

1-17

Molybdenum (Mo)

6.4 ±1.6b

5-75

Nickel (Ni)

23.7 ±9.1a

47-420

Selenium (Se)

1.2b

2-200

Zinc (Zn)

279.0 ±71.4a

416-7,400

Boron (B)

46.3 ±7.6b

NS

Chlorine (Cl)

2,572.0 ±739.8b

NS

Sodium (Na)

7,528.3 ±1,335.8a

NS

Manganese (Mn)

496.8 ± 168.1a

NS

ND: non-detected. a: average of 5 samples, b: average of 3 samples, c: 2 representative samples
tested. NS: non-specified.
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4. Effects of scaled up production on characterization
In the previous chapter, digestate was processed into biochar in a laboratory setting, with
an inert environment during processing. This chapter explored scaling up this process by producing
digestate biochar using a commercially available system. This commercial system is different from
the laboratory set up, not only in physical scale, but also in that it allows the presence of some
oxygen during processing, which burns some of the volatiles present in the sample. An additional
difference between the studies is the digestate samples used as feedstock material. Although they
were obtained from the same source, the sample collection occurred at different periods in time
for each study. In addition, the material used in the experiments described in Chapter 2 was oven
dried, while for this chapter it was sun dried. For this reason, the samples cannot be considered
identical, although they are certainly quite similar.
Having these facts in mind, we compared the results from this chapter to those of the
biochar produced at 800˚C and presented in Chapter 2, which is a comparable temperature to the
one used for the scaled-up process. Overall, the biochar produced in the laboratory setting shows
lower hydrogen-to-carbon ratio, ash, and iron content than the biochar produced in the scaled-up
process, while the biochar produced using the Biogenic Refinery (Figure 3.2) shows a higher
organic carbon content. In both instances, the metals content is within the specified IBI threshold.
Moreover, the nutrient content (N, P, K) of both biochars is within the same range. Based on all
the various characterization methods applied, it is reasonable to conclude that both biochar
products have similar characteristics, despite their different production methods. However, to fully
assess the effects of the processing method on the biochar characteristics, further research using
two identical digestate samples would be necessary to address some of the limitations previously
stated.
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5. Conclusion
These findings demonstrate the first known instance of iron oxide produced without the
addition of an iron-based precursor during thermochemical processing of biomass to produce
magnetic biochar. Furthermore, iron oxide that is present in the samples appears to be robust
magnetite, which is useful for a variety of applications, particularly within the sustainability
community. Future work aims to identify the source of iron present in the digestate and to produce
biochar under pure pyrolysis (i.e., zero-oxygen) conditions.
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Chapter 4: Solid dairy manure biochar for nutrient adsorption
1. Introduction
The proliferation of anaerobic digestion as a food waste management alternative has the
potential to increase challenges related to digestate management. Among these problems are
environmental risks, such as ammonia volatilization and nutrient run-off; storage and
transportation, issues related to the seasonality of spreading, and the possibility that digestate
production could exceed the needs of local farms (Guilayn et al. 2020). In response to these issues,
a variety of alternatives have been explored. Often these approaches start with the solid-liquid
separation of digestate that allows for appropriate treatment of each fraction. Liquid digestate
treatment technologies include ammonia stripping, chemical precipitation, ion exchange and
adsorption, membrane-based separation, and evaporation evaporation (Logan and Visvanathan
2019; Drosg et al. 2015). Typical treatments for solid digestate are composting, drying and
thermochemical processing (Barampouti et al. 2020).
In the previous chapters, we studied the conversion of the solid fraction of digestate into
biochar through thermochemical processing, which could then be used to recover the nutrients in
the liquid fraction of digestate. This approach had its limitations since in a farm setting not enough
digestate biochar might be produced to adsorb all the phosphate present in digestate. Because of
this, our hypothesis is that the solid fraction of dairy manure might be a viable alternative due to
its higher solids content, resulting in higher yields, and its high availability in the digester setting.
While the liquid fraction can be input into the anaerobic digestion process.
The production of biochar from dairy manure has the potential of solving manure disposal
issues while also opening new markets for animal waste (X. Cao and Harris 2010). In addition,
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there are benefits of converting manure into biochar for soil application. It can prevent the rapid
loss of phosphorus typical of manure application (Liang et al. 2014a) and it can aid in reducing
soil compaction and diminish N2O emissions (Rogovska et al. 2011). Dairy manure biochar
produced at higher temperatures (500-900°C) has a highly porous structure and a cation exchange
capacity that makes it suitable as an adsorbent for pollutants in solution (Tsai et al., 2019). Previous
studies on dairy manure biochar focus on its potential for bioenergy (Su et al. 2022; Q. L. Zhu et
al. 2021), soil amendment (Piash et al. 2021; Liang et al. 2014b) and environmental remediation
(X. Cao and Harris 2010). The use of dairy manure biochar for remediation has been evaluated by
using it as an adsorbent for contaminants such as heavy metals, antibiotics, and nutrients in
aqueous solution, as summarized on Table 4.1.
Choi et al. (2019) evaluated the adsorption of phosphate using dairy manure biochar and
calcium hydroxy-coated dairy manure biochar. Although the non-modified biochar showed a
lower adsorption removal, it was evaluated using biochar produced at only one temperature
(500°C) and using wash water from the dairy activities, which has a lower phosphate concentration
(30 mg L-1) when compared to digestate. Since in the previous chapter we observed that production
temperature influences adsorption, this study focuses on the production and characterization of
dairy manure biochar synthesized at three different temperatures (500, 800 and 1000°C), and the
evaluation of its phosphate adsorption capacity using both a synthetic phosphate solution and
liquid digestate.
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Table 4.1. Previous studies using dairy manure biochar for adsorption. NR: Non reported.
Pyrolysis parameters
Maximum
Heating
Residence time
temperature
rate
(hrs.)
(˚C)
(˚C/min)

Targeted
pollutant

Adsorption parameters
Contact
Equilibrium
time
concentration
(hrs.)
(mg/L)

Liquid/Solid
ratio (L/g)

Reference

1000

10

1

Phosphate

24

500

0.25

This study

500

NR

NR

Phosphate

72

30

0.2

Choi et al. (2019)

500

25

4

Lead & atrazine

96

0.2

Cao & Harris (2010)

500

NR

NR

Fluoride

24

225

3

Liang et al., (2014)

350

NR

4

Lead & atrazine

4

NR

0.2

Guo et al., (2014)

700

20

1

Tetracycline

NR

430

0.8

Zhang et al., (2019)

300

5

4

Lead & cadmium

24

1000

0.6

Z. liang Chen et al., (2019)

350

NR

4

Pb, Cu, Zn & Cd

8

500-3000

0.2

Xu, Cao, et al., (2013)

350

NR

4

Cu, Zn & Cd

10

500-3000

0.2

Xu, Cao, Zhao, et al., (2013)

700

NR

6

Sulfate

16

400

0.5

(B. Zhao et al. 2019)
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2. Materials and methods
2.1. Sample collection and biochar preparation
Manure was collected from a dairy farm adjacent to an anaerobic digester in Upstate New
York, which houses around 2000 cows. The solid fraction of manure was separated using a screw
press. The drying and processing conditions of the sample were consistent with previous work
detailed in Chapter 2.
2.2. Characterization of samples
The characterization of the biochar samples followed the International Biochar Initiative
(IBI) standard for biochar that is used in soils (International Biochar Initiative 2015), performed
by a third party laboratory. The standard covers the biochar’s basic utility properties, toxicant
assessment, and soil enhancement properties. In addition, we analyzed the surface of the biochar
using scanning electron microscopy (SEM) and measured the surface area of the material using
the Brunauer-Emmett-Teller (BET) method with N2 as the adsorbent. Details of the methods used
for characterization are found in Chapter 2.
2.3. Batch adsorption experiments
Phosphate adsorption was assessed following the methods detailed in Chapter 2, with a few
differences. For this experiment we used a stock solution of 500 mg L-1 (computed in mg PO43-)
prepared using potassium phosphate monobasic (KH2PO4) for the phosphate adsorption
experiments, which is a closer representation of the concentrations often found in digestate. In
addition, the biochar application used was 0.10g instead on 0.25g; solution volume was kept at
25mL.
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2.4. Digestate samples pre-treatments
2.4.1. Centrifuging
As stated in chapter 2, to ensure interference free adsorption process, digestate goes
through a pretreatment process before adsorption to remove the suspended solids in the solution.
In the laboratory setting we achieved this by centrifuging the sample and filtering the supernatant
using vacuum filtration with 0.45μm PES membrane filters. To explore how this pretreatment
process would look like for a scaled-up process, using a commercial scale centrifuged (US
Centrifuge Systems LLC., Manlius, NY, USA) to remove suspended solids, processing around 10
gallons of liquid. The result of the process was a clearer liquid, that required to go through further
processing, and a sludge material containing most of the solids. The agitation during the centrifuge
process resulted on a high amount of foam which made it difficult to manage the sample. Better
solid liquid separation methods are necessary for this type of digestate, such as microfiltration.

Figure 4.1. Commercial scale centrifuge, US Centrifuge Systems LLC.
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2.4.2. Tubular microfiltration
After the centrifuge processes previously described, the digestate went through a filtration
step to remove the smaller particles. For this we used a 0.05-micron tubular membrane filter
(POREX, Atlanta, GA, USA) as shown in Figure 4.2. In this process, the digestate is fed through
the tubular filter using a pump, and it recirculates until the clear liquid permeates the membrane
and is collected; the high solid fraction, called the concentrate, goes back to the original reservoir
where the sample was contained (Figure 4.3). The membrane used was made from polyvinylidene
fluoride (PVDF) and it is often used for the removal of heavy metals, fluoride or high solids in
process and wastewater. Since this membrane can handle a high concentration of solids, the
centrifuge step might not be necessary for pretreating digestate, which might solve the issues
related to foaming encountered during the centrifuge step (Section 2.4.1). Further details on the
tubular membrane are provided in Appendix B.

Figure 4.2 Schematic of the tubular filtration process. Adaptation of image by POREX,
published in WCP Online (2013).
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Figure 4.3 Tubular membrane microfiltration system setup.

2.5. Biochar characterization
The images of the surface of the biochar captured using scanning electron microscopy show
a decrease in fibrous structure with increasing temperature (Figure 4.4). Similar results were
observed in digestate biochar (Figure 2.4). Like digestate biochar, solid manure biochar contains
lignocellulose that provides this fibrous structure. Energy-dispersive X-ray spectroscopy (EDS)
coupled to SEM was used to analyze the composition of the surface of the biochar. Aside from C
and O, the biochar surface also showed the presence of Ca and Mg. The EDS images can be found
in the Appendix B.
The basic utility properties of manure biochar are shown in Table 4.2. The organic carbon
content of the biochar increased with increasing production temperature, while the H:Corg ratio
decreased with increasing temperature. Both trends are consistent with published literature (Weber
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and Quicker, 2018). Lower values are preferred for the H:Corg ratio as this parameter relates to
biochar stability in soil. When compared to digestate biochar, the main differences are a higher
ash content, electrical conductivity, and liming values, which can be related to the presence of Ca
and Mg seen in the EDS analysis. Solid manure biochar also showed lower organic carbon values
than digestate biochar. Both biochars are within similar ranges of pH and total nitrogen.
The soil enhancement properties of solid manure biochar are presented on Table 4.3. It
summarizes the evaluated nutrients present in the biochar, including as ammonium (NH4), nitrate
(NO3), phosphorus (P) and potassium (K). In addition, it includes surface area analysis for solid
manure biochar using two different techniques. When comparing the NPK of solid manure biochar
to that of digestate biochar (Table 2.5), similar contents of nitrogen and potassium are found in
both materials. Phosphorus content was lower for solid manure biochar (4,382 ppm vs. 13,730
ppm for digestate biochar).
The results for surface area analysis using BET were lower than the ones evaluated using
the butane activity method. As we observed in Chapter 2, the butane activity method provided
results closer to using BET with CO2, with the advantage of being more cost-effective. The method
does have its limitations because it measures surface area at a relatively low adsorption energy
(McLaughlin et al. 2012).
Some of the contaminants that can be potentially found in biochar are polycyclic aromatic
hydrocarbons (PAHs), dioxins, furans, and metals. Table 4.4 shows the metal content of the solid
digestate biochar. All metals evaluated were within the ranges proposed by the IBI. An interesting
distinction between solid manure and digestate biochar is the iron (Fe) content. Fe content in solid
manure biochar is significantly lower, which is expected since digestate biochar presented
magnetic properties (Rodriguez Alberto et al., 2019) and solid manure biochar does not. This also
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is evidence that the source of Fe in the digestate biochar, resulting from the co-digestion of food
waste and manure,is not related to dairy manure. As with digestate, the presence of other
contaminants such as PAHs, dioxins, and furans, is not expected in solid manure biochar, because
of the higher processing temperature range used and the generally low concentration of
contaminants such as chlorine in the starting feedstock.

500°C

800°C

1000°C

Figure 4.4. Scanning electron microscopy (SEM) images of solid manure biochar produced at
different temperatures. Magnification: 250X. Scale: 100 µm.
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Table 4.2. Basic utility properties of dairy manure biochar.
Parameter

500˚C

800˚C

1000˚C

Units

Moisture

2.8

0.4

0.4

% wet wt.

Organic Carbon

64.3

69

72.7

% dry wt.

H: Corg

0.71

0.48

0.3

Molar Ratio

Total Ash

15.4

19.2

20.7

% dry wt.

Total Nitrogen

1.99

1.9

1.57

% dry wt.

pH

9.82

12.06

12.07

pH

Electrical Conductivity

0.630

6.71

5.72

dS/m

Liming

12.9

17.1

15.9

%CaCO3

Table 4.3. Soil enhancement properties of dairy manure biochar.
Parameter

500°C

800°C

1000°C

Units

Ammonium (NH4-N)

19.7

3.8

5.7

mg/kg dry wt.

Nitrate (NO3-N)

1.4

5.6

9.5

mg/kg dry wt.

Phosphorus (P)

3,862

4,382

3,953

mg/kg dry wt.

Potassium (K)

13,178

15,181

15,742

mg/kg dry wt.

Volatile Matter

30.5

18.7

20.5

% dry wt.

Surface Area
(Butane Activity)

157

150

175

m /g

Surface Area (BET N2)

8.4

8.46

61.7

m /g

2

2
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Table 4.4. Toxicant assessment of dairy manure biochar. ND: non-detectable. NS: Nonspecified.
Parameter
(mg/kg)

500°C

800°C

1000°C

Maximum allowed
thresholds

Arsenic (As)

ND

ND

ND

13-100

Cadmium (Cd)

ND

ND

ND

1.4-39

Chromium (Cr)

1.8

1.9

4.6

93-1,200

Cobalt (Co)

6.0

4.5

5.9

34-100

Copper (Cu)

127

132

143

143-6,000

Lead (Pb)

1.6

2.4

10.1

121-300

Mercury (Hg)

ND

ND

ND

1-17

Molybdenum (Mo)

1.7

1.8

1.1

5-75

Nickel (Ni)

4.5

3.5

3.6

47-420

Selenium (Se)

ND

ND

ND

2-200

Zinc (Zn)

235

41.9

18.2

416-7,400

Boron (B)

30.6

38.0

37.1

NS

Chlorine (Cl)

458

461

207

NS

Sodium (Na)

2,226

2,587

1,795

NS

Manganese (Mn)

221

240

195

NS

Iron (Fe)

1,075

1,527

1,788

NS
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2.6. Phosphate adsorption
The adsorption capacity of phosphate using solid manure biochar produced at different
temperatures is presented in Figure 4.5. Biochar produced at 800˚C showed the overall highest
adsorption capacity. The adsorption capacity of solid manure biochar is higher at every
temperature when compared to digestate biochar (Figure 4.6). The presence of minerals like Mg
and Ca might be the driver of this improved adsorption capacity (Takaya, Fletcher, Singh,
Okwuosa, et al. 2016). Even though these minerals were not part of the characterization of the
biochar their presence can be associated with the EDS measurements and the liming assessment.
Furthermore, Cantrell et al., (2012) characterized dairy manure produced at 350˚C and 700˚C. For
the higher processing temperature, Ca and Mg values were 44.88g/kg and 20.6g/kg respectively,
which were higher than those for the biochar produced at 350˚C. The adsorption of phosphate
present in liquid digestate (Figure 4.7) was lower than what was achieved using the synthetic
solution. A possible explanation is that the presence of different species, such as nitrate and
carbonate, interfere with the phosphate adsorption (Choi et al. 2019). The decline of adsorption
capacity at 1000˚C processing temperature might be related to an increased in pH in the solution,
which makes it difficult for the phosphate species to be adsorbed, and might compete with OH for
adsorption sites (Yin et al. 2017).
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Figure 4.5. a) Adsorption amount of phosphate b) Removal efficiency in synthetic solution using
solid manure biochar produced at 500, 800 and 1000oC. Error bars represent one standard error
from the mean of triplicate experiments, in most cases not visible.
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Adsorption amount (mg/g)
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Figure 4.6. Adsorption amount of solid manure biochar vs. solid digestate biochar at different
processing temperatures. Error bars represent the standard error from the mean of triplicate
experiments.
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Removal efficiency (%)
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40
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0
Production Temperature (˚C)
Figure 4.7. Removal efficiency of phosphate present in liquid digestate, concentration 80 mg L-1,
using solid manure biochar produced at different temperatures. Error bars represent the standard
error from the mean of triplicate experiments.

2.7. Isotherm modeling
Figure 4.8 shows the nonlinear fitting of Freundlich and Langmuir isotherm model using
solid manure biochar produced at 800˚C. The R2 values, shown in Table 4.5, indicate that the
Freundlich model better fits the experimental data. This result aligns with the findings from chapter
2, as with the results of Choi et al., (2019), who used a calcium hydroxide-coated biochar derived
from dairy manure to adsorb phosphate in a synthetic solution. The Freundlich isotherm is
characterized by a heterogeneous surface which can lead to non-uniform adsorption (X. Chen
2015).

74

Chapter 4: Solid cattle manure biochar for nutrient adsorption
35
30

qe (mg/g)

25
20
15
10
5
0
0

100

Exp. qe

200
300
Ce (mg/L)

400

Langmuir qe

500

Freundlich qe

Figure 4.8. Nonlinear fitting of Freundlich and Langmuir isotherm model using solid manure
biochar produced at 800˚C as the adsorbent to recover phosphate from a synthetic solution.

Table 4.5. Isotherm constants for phosphate ion adsorption using biochar produced at 800˚C in
synthetic solution.
Langmuir

Freundlich

PO4 Source

Synthetic Solution

qm

KL

R2

n

KF

R2

79.9

0.0014

0.95

1.33

0.2207

0.98
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3. Possible adsorption mechanisms
As stated in chapter 2, phosphate adsorption is influenced by the characteristics of the biochar.
Since solid dairy manure biochar does not present magnetic properties, neither does it show as
high of an iron concentration as digestate biochar, we expect that the mechanisms driving the
adsorption might be different. In this instance we suspect that presence of calcium might be playing
a role in the phosphate adsorption. If that is the case, the possible main mechanism would be
chemical precipitation, from the combination of phosphate with Ca2+ and OH- , which results in
the formation of the precipitate Ca5(PO4)3(OH) (Luo et al. 2022). Similar deductions were made
by Choi et al. (2019), for their calcium hydroxide-coated dairy manure derived biochar. H. Cao et
al. (2020) studied the adsorption mechanisms for their rape straw derived biochar, which was
functionalized with calcium from eggshells. They found that in addition to precipitation, hydrogen
bonding, and electrostatic interactions also played an important role in the adsorption process.
These proposed adsorption mechanisms are illustrated in Figure 4.9.

Figure 4.9 Possible phosphorus adsorption mechanisms for solid dairy manure biochar.
Adaptation from Luo et al. (2022).
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4. Conclusion
In this work, we synthesized and characterized biochar made from dairy manure with the
purpose of phosphate adsorption. The solid manure biochar presented better phosphate adsorption
capacity than solid digestate biochar. The adsorption of phosphate from liquid digestate was lower
than from the synthetic solution. Overall, solid manure biochar presents potential to be used as
phosphate adsorbent, although it might be necessary to optimize its performance when used in
actual digestate. This could be accomplished by studying ion competition and functionalizing the
biochar by the addition of Mg-, Ca- and Fe-, which have been shown to enhanced phosphate
adsorption.
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Chapter 5: Life-cycle assessment of thermochemical processing as a digestate
treatment alternatives
1. Introduction
The previous chapters focused on evaluating the potential of using waste materials, such
as solid digestate and solid dairy manure, to produce biochar and adsorb the phosphate present in
liquid digestate. It is yet to be determined if these proposed methods can indeed reduce the
environmental risks of traditional digestate management. For that reason, this chapter will evaluate
the integration of anaerobic digestion and thermochemical processing from a systems perspective
using the life cycle assessment (LCA) method. This approach fulfills the need of a digestate
management pathway that adheres to a circular economy model, where the nutrients extracted from
the soil to produce cow feed and food are returned to the field.
Some studies have evaluated traditional digestate treatment techniques using LCA, which
are summarized in Table 5.1. Treating digestate can lead to a higher energy requirement, but this
drawback is surpassed by the benefits in other environmental impact categories (Vázquez-Rowe
et al. 2015). Moreover, some of these challenges can be reduced if electricity is supplied by the
AD plant instead of the grid (Rehl and Müller 2011). Table 5.2 presents a summary of the LCA
studies focused on the integration of AD and pyrolysis. Unlike our proposed work, the main goal
of the combination of technologies in these studies is to achieve energy efficiency, not digestate
management. Though, they do suggest the use of the resulting biochar as a soil amendment, but it
is not proposed as a form of digestate treatment.
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Table 5.1. Digestate treatment technologies evaluated through LCA.
Technology

Composting

Drying
Reverse osmosis

Struvite precipitation

Ammonia stripping

Reference
Rehl and Müller (2011)
Vázquez-Rowe et al. (2015)
Spagnolo et al. (2019)
Bartocci et al. (2020)
Duan et al. (2020)
Le Pera, Sellaro, and Bencivenni (2022)
Rehl and Müller (2011)
Vázquez-Rowe et al. (2015)
Angouria-Tsorochidou et al. (2022)
Vázquez-Rowe et al. (2015)
Angouria-Tsorochidou et al. (2022)
Rehl and Müller (2011)
Vázquez-Rowe et al. (2015)
Pedizzi et al. (2018)
Duan et al. (2020)
Temizel-Sekeryan, Wu, and Hicks (2021)
Rehl and Müller (2011)
Duan et al. (2020)

Microalgae cultivation

Duan et al. (2020)

Calcium hydrolysis with neutralization

Spagnolo et al. (2019)

Ultrafiltration

Pedizzi et al. (2018)
Angouria-Tsorochidou et al. (2022)

Table 5.2. LCA studies focused on the integration of AD and pyrolysis.
Feedstock

Biochar for land
application

Biochar for
digestate treatment

Reference

Organic fraction of
municipal solid waste

Yes

No

Wang et al. (2021)

Wastewater sludge

Yes

No

Li and Feng (2018)

Pulp and paper
wastewater sludge

Yes

No

Mohammadi et al. (2019)

Sewage sludge mixed
with ground quinoa

Yes

No

Caiardi et al. (2022)
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2. Materials and methods
2.1. Goal and scope definition
The objective of this study is to analyze the environmental impacts of thermochemical
processing as an alternative for digestate management. The functional unit (FU) selected is the
treatment of 1 metric ton (MT) of digestate, following the method proposed in previous studies for
digestate management technologies (Rehl and Müller, 2011). The system boundaries of this study
include the processing of digestate, as well as materials and energy requirements. We will exclude
the production of the technologies used for processing and their materials.
Inspired by the current configuration of our partner digester, we assumed that for both
baseline and emerging technology scenarios the dairy manure is processed through a screw press
to separate it into liquid and solid fractions. The liquid manure is input into the digester while the
solids are used as bedding or feedstock for biochar production.

2.2. Life cycle inventory (LCI)
The inventory table for each scenario includes the energy and materials inputs and products
outputs with values allocated to the selected functional unit and can be found in Appendices C9C11. Emissions to air, soil and water are calculated based on literature data. Energy and material
needs are calculated based on both empirical and literature data and modeled using SimaPro v8.5
and the database Ecoinvent v3.8 (“Allocation, cut-off by classification”, system model). The
proposed baseline scenario is the application of digestate to field crops without any previous
processing (Figure 5.1). The emerging technology scenarios we explored use solid manure biochar
as an adsorbent for the phosphate contained in liquid digestate, which is then applied as an
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alternative fertilizer. This was modeled for high (Figure 5.2) and low (Figure 5.3) adsorption
scenarios. Mass and phosphate balances were performed to determine the amount of total material
and phosphorus going into and out of each process.

2.2.1. Bedding
Starting with our functional unit, the treatment of 1 metric ton (MT) of digestate, we
determined the amount of solid manure going into the system. Assuming the volume reduction
from the anaerobic digestion process is 46% (Macias-Corral et al. 2008), 50% of the digestate is
comprised of manure, based on the current practice of our partner digester, and 20% content of
solids in manure (Wright 2020), we determined that 0.21 MT of solid manure goes into the system.
In the baseline scenario, the use of this material displaces the need for other bedding supplies, such
as sawdust, wood chips or straw. We modeled the baseline considering sawdust as our avoided
product and performed a sensitivity analysis to understand the influence of different bedding
materials on the results.

2.2.2. Storage
Digestate is stored in open lagoons before field application. Nitrous oxide (N2O), methane
(CH4), and carbon dioxide (CO2) are the compounds associated with air emissions from storage.
The parameters used to calculate these emissions are found in Appendices C3-C4. Emissions from
storage were not considered in this scenario but are part of the sensitivity analysis. Biochar is a
recalcitrant material, which means that it does not go through biological decomposition, therefore
we expect the air emission from biochar storage to be negligible.
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2.2.3. Transportation
Transportation consists of pumping the material into tank trucks to take them to the field,
and we assumed transportation distance to the farmland is 20 km (Møller, Boldrin, and Christensen
2009) for all scenarios. Carbon monoxide (CO), nitric oxide (NOx), particulate matter (PM), and
volatile organic compounds (VOCs) are the compounds associated with air emissions from
transportation.

2.2.4. Field spreading
Emissions to air related to field spreading were not considered in any of the scenarios due
to insufficient data. Emissions to water for the baseline scenario and the low adsorption scenario
were calculated assuming all phosphate contained in the final field spread product ends in the
nearby waterways. In the high adsorption scenario, we assumed all the phosphate contained in the
biochar stays in soil.

2.2.5. Drying
The 0.21 MT of solid manure obtained by the solid-liquid separation using a screw press
is dried before thermochemical conversion until its moisture content is reduced to 35%. The
residual heat from the thermochemical process is used for drying, therefore no external energy
sources are required to run this process. After the drying process 0.067 MT of dried solid manure
goes into thermochemical processing to produce biochar.
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2.2.6. Thermochemical processing
The processing of solid manure into biochar through pyrolysis was modeled based on the
Biogenic Refinery system (Biomass Controls, Woodstock, CT, USA), which was introduced in
Chapter 3. This unit can process up to 275 kg of material per day (Biomass Control 2003), and we
assumed a workday of 10 hours. The electricity requirement to run the system was assumed to be
1 kW, based on private communications with the manufacturer. We used this information to
determine the energy requirement of 2.4 kW h. We assumed the biochar yield to be 30% based on
empirical data, which means that we obtained 0.021MT of solid manure biochar.

2.2.7. Microfiltration
Tubular microfiltration is used to remove the suspended solids found in the liquid digestate
to improve the downstream adsorption process. A pump moves the liquid through the filter several
times until suspended solids have been removed. We modeled this process based on the use of a
3” compact pump (GEA Farm Technologies, Drummondville, Quebec, Canada), which has a 5 HP
motor (Appendix C9). Assuming a flowrate of 1200 LPM, we determine the energy requirement
to operate the pump to be 0.05 kWh. The resulting products after the filtration process are a liquid
effluent and a sludge derived from the collected solids. If the sludge constitutes 2% of the liquid
digestate, with a density of 1 kg/L we calculated the resulting amount of sludge to be 0.02MT. We
used the characterization data (Appendix C4) to determine the amount of phosphate present in
sludge from the microfiltration unit (110g).
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2.2.8. Adsorption column
We used two different adsorption capacity values to model high (25.9 mg/g) and low (1.5
mg/g) adsorption scenarios. These adsorption capacity values were chosen based on the results
from Chapter 4. For simplification, we have modeled the processes as batch adsorption, where
biochar is used once and then is removed from the column to be field spread. Assuming a biochar
water holding capacity of 270% (Atienza-Martínez et al. 2020b), we determined that the total mass
of the biochar resulting from the adsorption process to be 0.08MT.

2.3. Life cycle impact assessment
The LCA analysis was preformed using SimaPro software and the ReCiPe assessment
method. The impact categories of interest are freshwater eutrophication, and global warming
potential (GWP). We selected freshwater eutrophication as one of our impact categories since the
purpose of using thermochemical processing for digestate management is reducing the nutrient
contamination of waterways related to the field application of digestate. The selection of global
warming potential as an impact of interest is justified because the objective the study is to propose
a solution that can mitigate some of the carbon emissions related to food waste management.

84

Chapter 5: Life-cycle assessment of thermochemical processing as a digestate treatment
alternative
2.4. Sensitivity analysis
Four additional scenarios were modelled as a sensitivity analysis. The first scenario looks
at the effects of different bedding materials on the GWP for the baseline scenario. The second
scenario repeats the modeling of the baseline and the low adsorption scenario, this time considering
the emissions from storage. The third scenario considers the high adsorption scenario with
different energy sources. While the first model includes energy grid inputs to supply electricity to
the thermochemical processing control and the pump for the microfiltration, this scenario considers
the use of electricity supplied by the AD system by using the biogas to run an engine-generator set
(gen-set). Lastly, the third scenario analyzes the potential impact reduction of avoiding the
transport of the clean effluent resulting from the high adsorption scenario.
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Figure 5.1 System diagram for the baseline scenario.
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Figure 5.2 System diagram for the high adsorption scenario. Assuming an adsorption capacity value of 25.9 mg/g, which results in all
phosphate being recovered into the biochar and there are no emissions to water.
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Figure 5.3 System diagram for the low adsorption scenario. Assuming an adsorption capacity value of 1.5 mg/g. which results in two
phosphate containing streams, the digestate and the biochar blended with the sludge.
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3. Results and discussions
The results for global warming potential (GWP) are expressed in kilograms of CO2
equivalent per metric ton of digestate treated, as shown in Figure 5.3. Both the high and low
adsorption scenarios showed a greater GWP than the baseline (4.88 kg vs. -3.00 CO2 eq.). The
GWP value for the baseline scenario is negative to reflect the benefit of displacing sawdust for
bedding with the use of solid manure. The increase in GWP for the emerging technology scenarios
is due to the need to transport two different streams of materials to be field spread. In addition, this
scenario includes the energy inputs necessary to operate the pump in the microfiltration process,
and the controls for the thermochemical conversion system. One way to offset some of the impacts
from transportation would be to make use of the effluent resulting from the high adsorption
scenario. Assuming the liquid is clean enough, it could be use as part of the farm operation, for
instance, for cleaning the cattle stalls.
The impacts of freshwater eutrophication are expressed in kg of P equivalent per metric
ton of digestate processed, as shown in Figure 5.5. In this case, the baseline showed greater impact
(0.144 kg P eq.) than the high (0.002 kg P eq.) and low (0.101 kg P eq.) adsorption scenarios. In
the high adsorption scenario, we assumed that all phosphate is recovered using biochar, and that
once the enriched biochar is applied to soil it prevents the possibility of phosphate loss due to
runoff. Due to these assumptions, the avoided impact is significant. Further research on the
phosphate desorption from solid manure biochar and the potential pathway for nutrient losses is
needed to confirm this assumption.
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Figure 5.4. Global warming potential for baseline and high and low phosphate adsorption
scenarios. Emissions from storage are not considered in this scenario. Negative values are related
to the benefit of displacing the use of the bedding material.
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Figure 5.5. Freshwater eutrophication for baseline and high and low phosphate adsorption
scenarios.
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4. Sensitivity analysis
The first sensitivity scenario (Figure 5.6) shows the effects on GWP of the bedding
material selected which is displaced using solid manure as modeled in the baseline scenario. The
greatest benefit comes from displacing the use of straw, followed by sawdust and then wood chips.
There are no benefits from displacing the use of sand, which different from the materials mentioned
before, is of inert nature. The second sensitivity model shows the GWP of the three scenarios, this
time considering emissions from storage, as shown on Figure 5.7. The high adsorption scenario
showed the lowest impact due to the assumption that there are no emissions coming from the
storage of biochar. For the low adsorption scenario, we also see a considerable increase in the
impact (from 4.88 to 38.6 kg CO2 eq.), which comes from emissions from effluent storage since
most nutrients were not recovered into the biochar. These results show that when considering the
net emissions coming from the digester, including storage emissions, employing the proposed
technologies doesn’t have a significant impact unless high biochar adsorption capacity can be
achieved. For the third sensitivity scenario we considered the source of the energy used to power
the treatment equipment. The results, presented in Figure 5.8, show that producing energy within
the system does not reduce the GWP considerably, since the impact is largely driven by the
transportation of the products to the field as shown in Figure 5.3. In sensitivity scenario four, we
analyzed the high adsorption scenario without the need to transport the effluent after adsorption,
as shown in Figure 5.9. The decrease in GWP for this scenario confirms that transportation of
products to the field play a significant role in the greenhouse gas emissions of the system. Current
digestate management practices already deal with the burden of transporting large volumes of
material, so accomplishing this volume reduction would improve the environmental impacts of the
overall system.
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Figure 5.6. Global warming potential for baseline scenario using different cow bedding options
displaced by the used solid manure. Negative values are related to the benefit of displacing the use
of the bedding material.
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Figure 5.7. Global warming potential for baseline and high and low scenarios considering
emissions from storage.
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Figure 5.8. Global warming potential for high adsorption scenario considering different energy
sources.
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Figure 5.9. GWP for high adsorption scenario without having to transport the phosphate free
effluent.
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5. Limitations of the study
While the purpose of this study is to inform decisions regarding digestate management,
there are some limitations to have in mind while looking at the results. First, we rely on generalized
data for the electricity sourcing. We chose the United States average for medium voltage to model
this process but impacts from electricity generation vary among regions depending on the grid
composition. In addition, we selected sawdust as the bedding material that would substitute solid
digestate, and for this reason we observe a large benefit in the baseline scenario by avoiding the
purchase of sawdust based on the large energy requirement for sawdust collection using suction
equipment. In addition, as stated before, this model did not include emissions from soil after field
application of digestate or enriched biochar, since currently there are no data available on the
effects of this type of biochar on soil emissions. Further work is needed to determine the emission
factors related to soil biochar application.
The scenarios modeled in this study might not be representative of most digester settings,
which makes it difficult to generalize the results to other digester scenarios. For instance, the
proposed solutions might not be fitting for digesters that process food waste only, without the
addition of manure. Furthermore, in the studied scenarios we assumed that manure goes through
physical separation of its fractions. Although this process might not be typical for all digesters, it
allows the deployment of the treatment technologies that we explored in this chapter. If the benefits
of this added step can be demonstrated, the adoption of this configuration by other facilities could
be justified and achievable for most cases.
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6. Conclusion
We analyzed the environmental impacts of thermochemical processing as an alternative
for digestate management. The results show that to avoid impacting freshwater sources it is
necessary to recover most of the phosphate present in the effluent (high adsorption scenario). The
emissions from the energy inputs for the added processes for the treatment of digestate are not the
primary drivers of the greenhouse gas emissions. Transportation related to the field spreading of
the system’s products show its higher impact on GWP.
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Chapter 6: Conclusions, and recommendations for future research
1. Conclusions
This research explored the possibility of combining two biomass processing systems to
improve their environmental performance with the intention of creating a more sustainable food
waste management system. It builds on the concept of the “biorefinery”, where different
technologies are employed to transform biomass into multiple co-products like biofuels and
chemicals. The proof-of-concept through laboratory experiments and the environmental
implications of the application of the proposed system were covered in this work.
The major findings of this research are summarized below:
•

Higher biomass processing temperatures (800–1000°C) are preferred due to better stability
in soil for both digestate and manure derived biochar.

•

The amount of solid digestate biochar produced is sufficient to adsorb approximately only
20% of the total phosphate present in the liquid fraction of the digestate, for a co-digestion
plant processing roughly equal proportions of dairy manure and food waste.

•

The absence of potential toxicants, such as heavy metals and PAHs, in both digestate and
solid manure derived biochar make them suitable for soil application.

•

When comparing the effects of scaled up production we found that both biochar products
have similar characteristics, despite their different production methods.

•

Digestate biochar was demonstrated to be the first known instance of iron oxide produced
without the addition of an iron-based precursor during thermochemical processing of
biomass to produce magnetic biochar.
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•

The presence of iron in digestate biochar is suspected to have had influence on its
performance as an adsorbent.

•

Adsorption capacity varies substantially across production temperatures, for both digestate
biochar and solid dairy manure biochar.

•

In the case of manure biochar, the nature of the solution (synthetic vs. actual digestate)
also influenced adsorption.

•

The adsorption isotherms for both digestate and solid manure biochars showed better fit to
the Freundlich equation, which is modeled as a heterogeneous surface which can lead to
non-uniform adsorption.

•

To avoid impacting freshwater sources it is necessary to recover most of the phosphate
present in the digester effluent that is field applied.

•

The emissions from the energy inputs related to the added processes for digestate treatment
are not significant contributions to the net greenhouse gas emissions.

•

Transportation related to field spreading of the system’s products show a higher impact on
global warming potential (GWP).
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2. Recommendations for future work
Based on the results drawn from this work, there is potential to use solid waste derived
biochar to remove phosphate from anaerobic digestate effluent and by doing so reduce negative
environmental impacts to freshwater. Despite these benefits, there is still a need to optimize the
biochar phosphate adsorption process, and to assess how well it would perform as a fertilizer.
Phosphate adsorption can be enhanced by the functionalization of the biochar, which consists of
treating the biochar with metal salts or metal oxides derived from magnesium, calcium or iron
(Oginni et al. 2020; M. Li et al. 2016),. All of these approaches have been proven to improve the
efficiency of biochar adsorption (Luo et al. 2022). Since these are novel methods, an evaluation
of their environmental implications would also be necessary. Further work is also necessary to
evaluate the bioavailability of the nutrients recovered into biochar. This could be determined by
assessing the nutrient desorption capacity of the biochar in addition to performing greenhouse
trials to determine the effects of nutrient enriched biochar on different crops and soils
combinations.
An additional extension of this work would be the evaluation of other waste materials
commonly found in a farm or digester setting to be transformed into biochar and used for nutrient
recovery. For instance, some low moisture food waste could be a better fit for thermochemical
conversion instead of going through the digestion process. The resulting biochar would then be
used as an adsorbent for the liquid fraction on digestate. Furthermore, since this work focused on
solutions for digestate resulting from the co-digestion of food waste along with dairy manure, it is
necessary to explore other solutions that are better suited for food waste only digesters, given that
the characteristics of digestate are influenced by the feedstock that goes into the AD process.
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APPENDIX
Appendix A. Digestate biochar characterization
Table A.1. IBI Characterization of digestate biochar produced at 500°C.
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Table A.2. IBI Characterization of digestate biochar produced at 800°C.
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Table A.3. IBI characterization of digestate biochar produced at 1000°C.
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Appendix B. Solid manure biochar characterization.

Table B.1. IBI characterization of solid manure biochar produced at 500°C.
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Table B.2. IBI characterization of solid manure biochar produced at 800°C.
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Table B.3. IBI characterization of solid manure biochar produced at 1000°C.
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Image B.1. EDS analysis of the surface of solid manure biochar produced at 500°C.
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Image B.2. EDS analysis of the surface of solid manure biochar produced at 800°C.
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Image B.3. EDS analysis of the surface of solid manure biochar produced at 100°C.
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Appendix C. Lifecycle assessment data (Chapter 6)

C1. Data used for mass balance analysis.
Parameter

Value

Data type

Source

Mass reduction in AD process

46%

Literature

(Macias-Corral et al. 2008)

Fraction of manure in digestate

50%

Empirical

Based on current Synergy
practice

Fraction of solids in manure

20%

Literature

(Wright 2020)

Manure solids content

33.4%

Empirical

Table C3

Biochar water holding capacity

270%

Literature

(Atienza-Martínez et al. 2020a)

C2. Data used for phosphate balance analysis.
Parameter

Value

Data type

Source

Average phosphate concentration
in digestate

438 mg/L

Empirical

Figure 2.7

Phosphate concentration in sludge

5,490
mg/L**

Empirical

Table C4

Digestate density

0.99 mg/L

Empirical

Table C5

Sludge density

1.01 kg/L

Empirical

Table C4
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C3. Data used for the calculation of emissions from storage. Adapted from Ebner et al.
(2015).
Parameter
Volatile Solids
Methane Emission Factor
Density of Methane
Nitrousoxide Emission Factor
Direct
Kenjdal Nitrogen
Conversion Factor N2O-N
Nitrousoxide Emission Factor
Volatile
Fraction of N volatilized as NH3
Fraction of N loss as runoff
Nitrousoxide Emission Factor
Runoff

VS
CH4
EF
CH4
RHO
N2O
EF1
TKN
CF
N2O-N
N2O
EF2
Frac1
Frac2
N2O
EF3

Value
30.37
0.054

Units
gVS/kg
m3CH4/kgVS

0.668

kg/m3

0.0005

kg N2P-N/kgN

3097
1.5714

mg/kg

0.01

kgN2O-N/kgN

0.26
0.007
0.0075

kgN2O-N/kgN

C4. Calculation of air emission from storage. Adapted from Ebner et al. (2015)

(kg/1kg digestate)

Calculation Detail

CH4

0.001095507

EF*VS*RHO*(1/10^3)

N2O Direct

2.43336E-06

EF1*TKN*CFN2O-N* (1/10^6)

N2O Volatile

1.26535E-05

Frac1*TKN*EF2*CFN2O-N*(1/10^6)

N2O Runoff

2.55503E-07

Frac2*TKN*EF3*CFN2O-N*(1/10^6)
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C5. Characterization of solid manure.
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C6. Characterization of sludge.
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C7. Characterization of digestate.
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C8. Spec sheet for pump modeled in the microfiltration process.
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C9. LCI table for baseline scenario.
Description

Input

Output

Unit

Ecoinvent Process

Functional Unit
Treating 1 metric ton of digestate

1000

kg

210

kg

Bedding

Sawdust

Sawdust, wet, measured as
dry mass {RoW}| suction,
sawdust | Cut-off, U

Storage
Whole Digestate

1000

kg

Air emissions
CH4

1.096

kg

Methane

N2O Direct

0.002

kg

Nitrogen dioxide

N2O Volatile

0.127

kg

Nitrogen dioxide

Transportation

Distance

20

tkm

Transport, freight, lorry,
unspecified {GLO}| market
group for transport, freight,
lorry, unspecified | Cut-off, U

Field Spreading
Whole Digestate

1000

kg

Emissions to water
Phosphate

442

g

Phosphate
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C10. LCI table for emerging technology scenario (high adsorption).
Description
Functional Unit
Treating 1 metric ton of digestate
Drying
Solid manure
Dried solid manure
Thermochemical Processing
Dried solid manure

Input

Output

Unit

1000

kg

67

kg
kg

210

Ecoinvent Process

67

kg

2.4

kWh

Electricity, medium voltage
{US}| market group for |
Cut-off, U

Electricity

0.05

Kwh

Electricity, medium voltage
{US}| market group for |
Cut-off, U

Liquid digestate
Sludge
Adsorption column
Solid manure biochar
Filtered liquid digestate
Enriched biochar
Effluent
Storage (Effluent)

1000

Electricity
Microfiltration

20

kg
kg

20
920

kg
kg
kg
kg

21
980

Effluent

920

kg

Enriched biochar
Sludge
Transport (Effluent)
Effluent
Distance

80
20

kg
kg

920
20

kg
km

Storage (Biochar)

18.4

Transport (Biochar+Sludge)
Enriched biochar + Sludge
Distance

10
20

tkm

Transport, freight, lorry,
unspecified {GLO}| market
group for transport,
freight, lorry, unspecified |
Cut-off, U

kg
km

200

tkm

Transport, freight, lorry,
unspecified {GLO}| market
group for transport,
freight, lorry, unspecified |
Cut-off, U

Field spreading
Emissions to water
Phosphorus

0

127

Table C11. LCI table for emerging technology scenario (low adsorption).
Description
Functional Unit
Treating 1 metric ton of
digestate
Drying
Solid manure
Dried solid manure
Thermochemical Processing
Dried solid manure

Electricity
Solid manure biochar
Microfiltration

Electricity
Liquid digestate
Sludge
Adsorption column
Solid manure biochar
Filtered liquid digestate
Enriched biochar
Effluent
Storage (Effluent)
Effluent

Input

Output

Unit

1 kg
0.21

kg
0.067 kg

0.067

kg

2.4

0.05
1

kWh
0.02 kg

kWh
kg
0.02 kg

0.021
0.98

kg
kg
0.02 kg
0.92 kg

0.92

kg

Storage (Biochar)
Enriched biochar
Sludge

0.08
0.02

kg
kg

Transport (Effluent)
Effluent
Distance

0.92
20

kg
km

18.4 tkm
Transport (Biochar+Sludge)
Enriched biochar + Sludge
Distance

Ecoinvent Process

0.1
20

Electricity, medium voltage
{US}| market group for |
Cut-off, U

Electricity, medium voltage
{US}| market group for |
Cut-off, U

Transport, freight, lorry,
unspecified {GLO}| market
group for transport, freight,
lorry, unspecified | Cut-off,
U

kg
km
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2 tkm
Field spreading (Effluent)
Soil emissions
Phosphorus

Transport, freight, lorry,
unspecified {GLO}| market
group for transport, freight,
lorry, unspecified | Cut-off,
U

0.2978 kg

Water emissions
Phosphorus

0.00027 kg
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